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Abstract

It has been widely recognised that fossil fuel reserves are not sufficient to cover the
energy demand of our societies in the future, even if the energy utilisation would
stagnate on today’s level. The extent of the problem is also associated with the
emission of the greenhouse gas CO5 upon combustion of fossil fuels that can lead to
unpredictable climate changes on earth. Nature’s own processes of fuel generation
based on biomass utilisation are considered to be not efficient enough to replenish
the used resources on a short time scale. To relieve this predicament, a transition
from fossil fuels to renewable energy sources is therefore imperative and unavoidable.
Renewable and carbon-free energy from wind and solar radiation are the only means
which can fully replace fossil fuels and are able to cover an increasing energy demand
in the future. But up to now, these fluctuating energy resources lack an appropriate
and efficient storage technology.

Light induced water splitting, a process that mimics natural photosynthesis,
provides a viable example of an ecofriendly energy concept as it converts solar energy
into a storable and clean chemical fuel with a high gravimetric energy density, namely
hydrogen. To be competitive with fossil fuels or hydrogen production by other
means, this process must however become highly efficient and low-cost. In this
regard, the utilisation of semiconductor based devices for the photoelectrochemical
generation of hydrogen from water and sunlight is a promising and elegant means to
store renewable energy and has been attracting considerable interest among research
groups worldwide. To split water efficiently into its components hydrogen and oxygen
the semiconductor photoelectrode has to meet several requirements:

e A high quantum efficiency to utilise the solar spectrum efficiently for the
generation of charge carriers,

e The generation of a photovoltage at the working point of approx. 1.6 V
to sustain the hydrogen and oxygen evolution reactions and to account for
additional losses (overpotentials),

e Electrochemical stability in a harsh and corrosive environment, and

e Fast kinetics of the charge transfer at the solid/liquid junction to inhibit
unintended side reactions (catalysis).



For this purpose, particularly designed multijunction solar cells on the basis
of hydrogenated amorphous (a-Si:H) and microcrystalline silicon (pc-Si:H) were
developed and characterised in this work. The chosen approach deviates from
previous studies on thin film silicon solar cells and focused more on the development
of efficient high voltage devices, suitable for water splitting applications. Therefore,
a development route has been described to achieve high photovoltages with emphasis
on the optimal fabrication parameter regimes for the intrinsic absorber layers. Firstly,
the adjustment of the opto-electronic and structural properties of the intrinsic a-Si:H
and pc-Si:H silicon absorber layers and their implementation in single junction solar
cells were investigated. Secondly, the single junction solar cells were implemented
in multijunction solar cells, which were optimised in terms of photovoltage and
photocurrent by varying the process parameters and thickness of the intrinsic absorber
layers. The photocurrents of the individual sub cells were additionally adjusted by
integrating microcrystalline silicon oxide as intermediate reflecting layers. It was
found that the electronic properties of the individual series-connected sub cells can
be adjusted to systematically tune the photovoltage between 1.5 V and 2.8 V with
photovoltaic conversion efficiencies over 11.5 % for tandem and over 13.0 % for triple
and quadruple junction cells. This allows for an efficient and bias-free water splitting
process. Furthermore, the effects of prolonged illumination and temperature variation
on the photovoltaic parameters of the multijunction solar cells were investigated.

For the application of the developed high voltage multijunction solar cells as
photocathodes in photovoltaic-electrochemical cell (PV-EC) devices for water split-
ting, special attention needed to be devoted to the solar cell/electrolyte interface.
Therefore, the chemical and electronic surface structure of the solar cells was manip-
ulated by protective coatings and catalysts in order to minimise corrosion damage
and overpotential losses, respectively. By this means, not only the material and
fabrication costs were reduced but also the overall solar-to-hydrogen efficiency of
the integrated photoelectrochemical devices was significantly increased. A record
efficiency of 9.5 % was achieved, which outperforms all other thin film silicon based
devices, as the former record was 7.8 %.

Modeling the integrated PV-EC system in terms of a series connection of a solar
cell and an electrolysis cell showed excellent agreement with the experimental results.
It was shown that the model can be used to analyse the relevant losses in the system
and allows for a prediction of the efficiency limits for thin film silicon based water
splitting devices based on the solar cell performance.



Zusammenfassung

Es ist allgemein anerkannt, dass die Reserven der fossilen Brennstoffe nicht ausre-
ichen um die Energienachfrage heutiger Gesellschaften auch in Zukunft abdecken zu
konnen. Nicht einmal im Falle einer Stagnation des Energieverbrauchs auf heutigem
Stand. Das Ausmafl des Problems ist ebenfalls mit der Emission des COy Treibhaus-
gases verbunden, welches bei der Verbrennung fossiler Brennstoffe ensteht und zu
unvorhersehbaren Klimaverinderungen auf der Erde fithren kann. Die natureigenen
Prozesse zur Brennstoffgewinnung basierend auf Biomassennutzung werden ebenfalls
als nicht effizient genug angesehen um die verbrauchtenen Ressourcen kurzfristig
aufzufiillen. Um diesem Dilemma zu entgehen, ist ein Ubergang von fossilen Brennstof-
fen zu erneuerbaren Energiequellen deshalb unabdingbar. Erneuerbare Energien
ohne Kohlenstoff aus Wind und Sonnenlicht sind potenziell in der Lage mit fossilen
Brennstoffen zu konkurrieren oder sie kiinftig sogar vollstéindig zu ersetzen um so eine
nachhaltige Energieversorgung zu garantieren. Jedoch fehlt es diesen fluktuierenden
Energiequellen noch an geeigneten und effizienten Speichertechnologien.

Eine Moglichkeit besteht darin, den Solarstrom nach dem Prinzip der kiinstlichen
Photosynthese direkt zur Spaltung von Wasser einzusetzen. Bei diesem umweltscho-
nenden Energiekonzept wird die Sonnenenergie in Wasserstoff umgewandelt, ein gut
speicherbarer und chemisch reiner Energietrager mit einer hohen gravimetrischen
Energiedichte. Fiir den wirtschaftlichen Betrieb miissen die Kosten und der Wirkungs-
grad der solaren Wasserstofferzeugung jedoch noch weiter verbessert werden. In
diesem Zusammenhang stellt die Verwendung von Halbleiterbauelementen zur direk-
ten Nutzung von Sonnenlicht zur photoelektrochemischen Generation von Wasserstoff
aus Wasser einen vielversprechenden und eleganten Weg dar. Um Wasser effizient
photoelektrochemisch in seine Bestandteile Wasserstoff und Sauerstoff zu spalten,
muss dabei die Halbleiter-Photoelektrode vielfiltige Voraussetzungen erfiillen:

e Erzeugung einer Spannung am Arbeitspunkt von ca. 1,6 V um die Wasserstoff-
und die Sauerstoffentwicklungsreaktionen zu treiben und zusétzliche Verluste,
sogenannte Uberspannungen, zu kompensieren,

e hohe Quantenausbeute fiir die effiziente Nutzung des Sonnenspektrums zur
Generation von Ladungstrégern,

e clektrochemische Stabilitédt unter stark korrosiven Bedingungen und



e schnelle Kinetik des Ladungstransfers an der fest/fliissig-Grenzflache um unge-
wollte Neben- und Rekombinationsreaktionen zu verhindern (Katalyse).

Zu diesem Zweck werden in dieser Arbeit speziell ausgelegte Mehrfachstapelzellen
auf der Basis von amorphen und mikrokristallinen Silizium-Absorbern hergestellt
und untersucht. Der hierfiir gewahlte Ansatz weicht dabei von vorangegangenen
Untersuchungen an Diinnschicht-Silizium Solarzellen ab und orientiert sich stérker
an der Entwicklung von speziell fiir die Wasserspaltung geeigneten Bauelemente mit
hoher Ausgangsspannung. Es werden daher die Prozessschritte beschrieben welche
fiir die Entwicklung hoher Photospannungen notwendig sind. Ein besonderes Augen-
merk wird dabei auf die Herstellungsparameter der intrinsichen Absorberschichten
gelegt. Als erstes steht das Anpassen der opto-elektronischen und strukturellen Eigen-
schaften der intrinsichen amorphen und mikrokristallinen Absorberschichten mit
anschlieBender Implementierung in Einfachsolarzellen im Vordergrund. Der zweite
Schritt besteht darin die entwickelten Einfachzellen in Mehrfachstapelzellen zu inte-
grieren. Die Photospannung und die Stromdichte der Stapelsolarzellen werden dabei
durch das Anpassen der Prozessparameter und der intrinsichen Absorberschichtdicke
optimiert. Eine Anpassung der Stromdichten in den verschiedenen Einzelzellen wird
aulerdem durch das Einfiigen von reflektierenden mikrokristallinen Siliziumoxid
Zwischenschichten gewéhrleistet. Durch den mehrschichtigen seriellen Aufbau der
Solarzellen konnen hohe Ausgangsspannungen zwischen 1,5 V und 2,8 V erreicht
werden mit photovoltaischen Wirkungsgraden von iiber 11,5 Prozent fiir Tandem- und
von iiber 13,0 Prozent fiir Dreifach- und Vierfachzellen. Diese Kennwerte ermoglichen
eine effizient betriebene Photoelektrolyse. Dariiberhinaus, wird ebenfalls auf den
Einfluss von langanhaltender Belichtung und von Temperaturschwankungen auf die
photovoltaischen Parameter der Solarzellen eingegangen.

Fiir die Anwendung der entwickelten Mehrfachstapelzellen als Photokatho-
den in photoelektrochemischen Bauelementen zur Wasserspaltung spielt die So-
larzelle/Elektrolyt Grenzfliche eine entscheidende Rolle. Zur Minimierung von
Verlusten und korrosiven Nebenreaktionen werden die chemische und elektronische
Oberflachenstruktur in geeigneter Weise durch Schutzschichten und Katalysatoren
modifiziert. Hierdurch kénnen nicht nur die Material- und Herstellungskosten re-
duziert werden, sondern auch der Wirkungsgrad integrierter photoelektrochemis-
cher Bauelemente deutlich gesteigert werden. Im Rahmen dieser Arbeit wurde ein
Rekord-Gesamtwirkungsgrad von 9,5 Prozent erreicht, ein Wert der die Effizienz
entsprechender Bauelemente auf Silizium-Basis deutlich tibersteigt. Der bisherige
Rekordwert lag bei 7,8 Prozent.



Die Modellierung des integrierten photoelektrochemischen Baulementes wird
anhand eines Ersatzschaltbildes bestehend aus der Serienverschaltung einer Solarzelle
mit einer Elektrolyse-Zelle realisiert. Die modellierten Werte weisen eine sehr gute
Ubereinstimmung mit den experimentell gemessenen Werten auf und erméglichen
so die Verluste des Gesamtsystems genau zu analysieren. Des Weiteren erlaubt das
vorgestellte Modell Vorhersagen iiber die mit der Silizium-Diinnschichttechnologie
maximal zu erreichenden Wirkungsgrade anzustellen.






Contents

1 Introduction 1
2 Principles of photoelectrochemical solar energy conversion 7
2.1 Basic concepts of photovoltaics . . . . . .. ... ... 0L 7
2.1.1  Light absorption in semiconductors . . . . . . ... ... ... 7

2.1.2  Electrons in semiconductors . . . . . . ... ... 9

2.1.3  Semiconductor junctions . . . . . ... ... 11

2.1.4  Operation principle of thin film pin solar cells . . . . . . . .. 12

2.2 Basic concepts of electrochemistry . . . . . . .. ... 17
2.2.1 Charge transport in electrolytes . . . . . . . . ... ... ... 17

2.2.2  Fermi level and standard potential of redox systems . . . . . . 17

2.2.3 Electrochemical reaction kinetics . . . . . .. ... ... ... 20

2.3 Basic concepts of photoelectrochemical water splitting . . . . . . . . . 23
2.3.1 Principles of solar water splitting . . . . ... ... ... ... 23

2.3.2  Metal/electrolyte interface . . . . . ... ... 23

2.3.3  Semiconductor/electrolyte interface . . . . . . .. ... ... 25

2.3.4 Buried junction devices . . . . .. ... 29

3 Fundamentals and experimental details of thin film silicon solar cells 33

3.1 Fundamentals of thin film silicon absorber materials . . . . . . . . .. 33
3.1.1 Hydrogenated amorphous silicon a-Si:H . . . . . .. ... ... 33
3.1.2  Hydrogenated microcrystalline silicon pc-Si:H . . . . . . . .. 37

3.2 Techniques and methods for the preparation of thin film silicon solar
cells . . o e 39
3.2.1 Plasma enhanced chemical vapor deposition . . . .. .. . .. 40
3.2.2  Solar cell preparation . . . . . . .. ... Lo 44

3.3 Characterisation of thin film silicon absorber layers . . . . .. .. .. 45

3.4 Characterisation of solar cells . . . . . ... ... ... ... ..... 47
3.4.1 Photovoltaic parameters . . . . . . . ... ... ... ... .. 47
3.4.2 Quantum efficiency . . . . .. ..o oo 49

4 Characterisation and modeling of photovoltaic-electrochemical devices 53
4.1 Overview on photovoltaic-electrochemical devices . . . . . . ... .. 53
4.2  Photoelectrochemical measurements . . . . . . . . ... ... .. ... 55

4.2.1 Measurement setup . . . . . ... 55



viii Contents
4.2.2  Electrochemical methods . . . . . .. ... ... ... ... .. 56

4.3 Devicemodeling . . . . . .. ... oL 60
4.3.1 Series circuit model . . . . . ... oo 61

4.3.2 Input parameters . . . .. . .. ... ... .. ... ... .. 62

4.4 Solar-to-Hydrogen efficiency calculation . . . . . ... ... ... ... 67

5 High voltage multijunction thin film silicon solar cells 71
5.1 Experimental details . . . . . ... ... ... 71
5.2 a-Si:H absorber layer properties and a-Si:H single junction solar cells 72
5.2.1 Intrinsic a-Si:H absorber layers . . . . . ... ... ... ... 73

5.2.2  a-Si:H single junction solar cells . . . . . . .. ... ... ... 74

5.3 pc-Si:H absorber layer properties and pc-Si:H single junction solar cells 77
5.3.1 Intrinsic pc-Si:H absorber layers . . . . . . ... ... ... .. 78

5.3.2  pc-Si:H single junction solar cells . . . . ... ... ... ... 78

5.4 Tandem junction solar cells . . . . . . ... ... ... ... ... .. 87
5.4.1 a-Si:H/pc-Si:H tandem junction solar cells . . . . ... .. .. 87

5.4.2 a-Si:H/a-Si:H tandem junction solar cells . . . . . . ... ... 91

5.5 Triple and quadruple junction solar cells . . . . . ... ... ... .. 93
551 a-SitH/pc-SiH/pe-StH . . . ..o oo o 94

552 aStH/a-SiH/pe-StH .. . ... oo 96

5.5.3 a-StH/a-SiH/pc-StH/pe-StH . . .. ..o 00000 98

5.6 Light induced degradation . . . . .. ... .. .. ... ... ..... 100
5.7 Temperature-dependent photovoltaic performance . . . . . . . . . .. 104
5.8 Summary and conclusions . . . . ... ... 106

6 Thin film silicon based photovoltaic-electrochemical devices 113
6.1 Photocathode/electrolyte contact . . . . . ... ... ... ... ... 113
6.1.1 Catalytic and optical properties of single metal layer contacts 114

6.1.2 Metal stacks as photocathode contact . . . . . ... ... ... 116

6.2 Multijunction based PV-EC devices . . . . . . ... ... ... .... 121
6.2.1 Influence of the catalyst . . . ... ... ... ... ... .. 123

6.2.2 Influence of the electrolyte . . . . . . ... .. ... ... ... 124

6.2.3 Influence of light induced degradation . . . . . . .. ... ... 127

6.3 Device analysis by modeling . . . . . ... ... ... ... ... 129
6.3.1 Modeling of the current-voltage characteristics . . . . . . . .. 130

6.3.2 Temperature-dependent photoelectrochemical performance . . 136

6.4 Summary and conclusions . . . . . ... oL 142

7 Conclusion and future prospects 147



Contents

ix

Bibliography
Appendix

Glossary

List of Publications
Curriculum vitae
Acknowledgments
List of Figures

List of Tables

153

VII

Xl

XIX

XXI

XL

XLIv






1 Introduction

The increasing energy demand is one of our society’s major future challenges [1].
Since the industrial revolution in the 18" century, the world population has seen a
rapid increase and there is no end in sight: scientific studies prognosticate that the
world’s population is odds-on to increase from today’s 7.3 billion people to 9.7 billion
in 2050 and 11.2 billion at the century’s end [2]. The concomitant global energy
demand is projected to reach 30 TW by 2050 and 46 TW by 2100 [3].

The early energy challenge has let to the development of the modern industrial
society, which has been governed by the conversion of chemical energy stored in
carbon-based fossil fuels into heat, work and carbon dioxide (COz). Today, 80 % of
our energy needs are met by fossil fuels, i.e. oil, coal, and natural gas, whose chemical
energy has been locked up over millennia by plant photosynthesis. However, these
finite natural resources are being depleted at an ever increasing rate, with associated
rises of greenhouse gases, particularly atmospheric CO,, which is considered to be the
main cause of the climate change. Stabilising and eventually lowering global rates of
CO» emission poses a grave challenge and requires to overturn the current carbon-rich
energy infrastructure and draw increasingly on cost-effective, environmentally benign
and efficient energy concepts [4,5].

Against this backdrop, it becomes vital to exploit renewable and sustainable
energy sources, in particular solar energy. The sun directs annually considerably
more solar energy towards the Earth’s surface than the world’s annual energy
consumption [6]. Hence, solar energy has the potential to cover all our energy needs
and will therefore certainly make a substantial contribution to the world’s energy
landscape in the coming decades. Unfortunately, the availability of the sunlight is
highly variable, as it is subjected to a day/night cycle, to the presence of clouds, to
geographical location, etc. This intermittency of the solar energy necessitates the
implementation of energy storage solutions, preferably on a large scale. An attractive
possibility is the storage of solar energy in the form of a chemical fuel. Compared to
mechanical-based storage systems, capacitors or batteries, chemical fuels have a 2-3
orders of magnitude higher energy density and thus, provide the most effective way
of storing energy [1]. This is because the energy is stored in the smallest possible
configuration: chemical bonds [7]. Examples of chemical fuels are hydrogen, methane,
methanol, gasoline, diesel, coal and wood. Most of these fuels require a source of
carbon in their synthesis routes. For this, CO5 would be a prominent candidate,
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also in view of the environmental concerns already mentioned. However, capturing
CO, without using fossil fuels is a highly challenging and costly task [7]. In spite of
that, direct photoelectrochemical conversion of CO, into a fuel appears to be even
more tricky, as the electrochemical half-reactions for the conversion of COs to, e.g.,
methanol [8] or methane [9] involve complex six- and eight-electron transfer steps,
respectively.

The synthesis of hydrogen, on the contrary, offers several important advantages.
It does not require a carbon source and can be conducted via a water splitting reaction,
in which water is being used as a convenient and abundant fuel source. The splitting
of water molecules into their atomic components hydrogen and oxygen requires
237 kJ/mol, i.e. 1.23 eV of energy per electron, which can be very well provided
by most of the photons within the sunlight spectrum (wavelengths < 1008 nm).
Moreover, hydrogen has the highest mass energy density among all the chemical
fuels and can be readily used to generate power either via combustion or in a fuel
cell [10,11]. Alternatively, it can be refined further to liquid hydrocarbons. In addition
to that, only two electrons are involved in the reduction half-reaction to form Hs.
The photoreduction of water is therefore considerably easier as the photoreduction

of COs.

To be competitive with fossil fuels or hydrogen production by other means [12],
the water splitting process must, however, become highly efficient and low-cost. In
this context, integrated semiconductor based photoelectrochemical systems emerged
as adequate candidates and have been attracting considerable interest among research
groups worldwide [13]. These systems offer an adequate pathway because they can
be operated at standard temperature and pressure regimes and because the systems
can be built as compact devices, which require fewer additional components (frames,
wires, etc.) compared to decoupled photovoltaic-plus-electrolyser systems.

Photoelectrochemical water splitting was first reported by Fujishima and Honda
in 1972 using TiO; as light absorbing semiconductor [14]. Since then, a variety of
semiconducting materials and device configurations have been examined for their
usability as water splitting photoelectrodes [15]. Yet, practical water splitting remains
challenging due to the stringent requirements that photoelectrodes have to fulfil, in
particular with respect to high output voltages and current densities, and long-term
electrochemcial stability [16].

Regardless of the chosen semiconductor material for light induced water split-
ting, integrated photoelectrochemical device structures generally constitute of a
photovoltaic (PV) cell connected electrically with catalysts of an electrolysis cell.



Based on this assumption, it becomes possible to assess the maximum efficiency
for the solar-to-hydrogen energy conversion in a PV-electrochemical device. To do
so, the seminal derivation by Shockley and Queisser that establishes the maximum
conversion efficiency limit (detailed balance limit) for a single semiconductor junction
PV cell [17] must be linked with the reaction kinetics for catalysts used in electro-
chemical (EC) cells [18-21]. The electrochemical reaction kinetics were computed
assuming Butler-Volmer kinetics [22]. Fig. 1.1 displays the accordingly calculated!
efficiency n for a PV-EC system plotted versus the open-circuit voltage Vo of the
single absorber PV cell for varying individual PV and catalysis performance.

For Vo values below 1.23 V of the PV cell, the water splitting reactions cannot
be driven and thus, ngru equals 0 % (see Fig. 1.1). For photovoltages above 1.23 V,
hydrogen can theoretically be generated by the PV-EC system and the shape of the
resulting nsty efficiency curves (red, blue, and black curves in Fig. 1.1) describes the
balance between two different sources of limitations. The right side of the curves
represents the photocurrent limits based on insufficient light absorption by high
photovoltage, i.e. wide band gap semiconductors. Hence, this side of the PV-EC
curves follows the trend of the npy curve showing the Shockley-Queisser limit of
the PV part (yellow curve in Fig. 1.1). The left side of the modeled ngry curves
displays the limits due to imperfect catalyst kinetics, which make for inefficient use
of the absorbed photons. It becomes obvious that an improved PV cell performance
(indicated by the green arrow in Fig. 1.1) can compensate for less efficient catalyst
materials (indicated by the black arrow in Fig. 1.1) and vice versa. For the ideal case
of zero losses in the PV-EC system (red solid curve in Fig. 1.1), the water splitting
reaction requires 1.23 V and an efficiency of 30.5 % can be achieved. In reality,
however, the photoelectrolysis of water requires photovoltages over 1.6 V to run
autonomously, taking into account imperfect catalyst kinetics [21,24]. As apparent
from Fig. 1.1, higher required photovoltages (Voc) limit the overall solar-to-hydrogen
efficiency in single wide band gap PV cells. A viable solution to this lies in the
application of multijunction solar cells, which provide higher photovoltages, offer
an improved utilisation of the solar spectrum, and reduced thermalisation losses in
comparison to single junction devices [25,26].

1The calculation was based on the variation of the Butler-Volmer parameters (transfer coefficient o
and exchange current density jo, see Section 2.2.3) and on the variation of the parameters of
the Shockley-Queisser (SQ) theory (short-circuit current density Jsc¢ and saturation current
density Jy relative to the maximum available short-circuit current density Jsc,gsq and saturation
current density Jo gq in the SQ-limit, respectively) [17,23]. The calculation assumes equal areas
available for the light absorption and for the water splitting reactions.
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Fig. 1.1 Solar-to-hydrogen efficiency nsti as a function of the open-circuit
voltage Vo of a single absorber photovoltaic (PV) cell for varying performance
of the PV cell and electrochemical catalyst. The yellow solid curve shows the
Shockley-Queisser (SQ) limit for a single band gap PV cell efficiency npy. The
thermodynamically required voltage for the operation of a photoelectrochemical
device for water splitting is 1.23 V. The black arrow indicates an improved
electrochemical catalytic activity and the green arrow indicates an improved PV
cell performance. For the black, blue, and red curves the transfer coefficient «
was varied from 0.15 to 0.25 to 1 and the exchange current density jo was
varied from 1078 to 1076 to 0.1 x 10> mA /ecm?. For the dotted, dashed, and
solid curves, Jsg was varied from 0.9 to 0.95 to 1 x Jsc,sq and Jy was varied
from 100 to 20 to 1 x Jysq. A theoretical maximum efficiency of 30.5 % can
be found at the crossing point of the red solid curve with the SQ-limit. For this
ideal case of zero losses, the theoretical operation point of the PV-EC device
(1.23 V) coincides with the maximum power point of the ideal PV cell in the
SQ-limit.

So far, the highest efficiencies for integrated solar water splitting systems
(up to 18.3 %) have been reported for multijunction ITI-V semiconductor struc-
tures [27-29]. The widespread use, in particular of III-V semiconductors, is however
still hampered by stability issues and cost limitations. In this regard, the silicon
based thin film technology presents a promising pathway to sustainable solar hy-
drogen production, as it stands out due to its versatility, earth abundance, and low
cost production [30,31]. Photoelectrodes made of thin film silicon have recently



established their position as prominent devices under research for water splitting
applications and are the central theme of this work.

In the scientific literature, numerous studies have successfully demonstrated
unbiased solar water splitting using silicon based PV-EC devices [32]. In order to
maximise the solar-to-hydrogen efficiency of these devices, the challenge, however,
lies in the identification and understanding of the fundamental efficiency-limiting
processes. In this regard, the present work focuses on the development, application,
and modeling of new types of multijunction solar cells, specifically tailored to match
the electrochemical requirements for water splitting.

This work consists of the following: First, in Chapter 2, the basic principles
necessary to comprehend the photoelectrochemical conversion of solar energy into
both electrical energy and chemical energy will be discussed. Chapter 3 covers the
methods and techniques used for the deposition and characterisation of thin film
silicon solar cells. The PV-EC device is presented in detail in Chapter 4, with respect
to the characterisation methods and to the modeling of the device. Additionally, a
review of the relevant research on water splitting devices is provided to offer a basis
for the understanding of the various experiments that are discussed later on. The
results on the development of high voltage single and multijunction solar cells made
of amorphous and microcrystalline silicon are elaborated in Chapter 5. Furthermore,
the effects of prolonged illumination and temperature variation on the photovoltaic
parameters of the multijunction solar cells were investigated. In Chapter 6 the
results on the application and modeling of the developed high voltage solar cells
as photocathodes in PV-EC cell devices for water splitting are presented. Finally,
Chapter 7 provides a short summary and discusses the future prospects of this
work.






2 Principles of photoelectrochemical
solar energy conversion

This chapter describes the principles necessary to comprehend the photo-
electrochemical conversion of solar energy into both electrical energy and
chemical energy. As the scientific language and concepts used in electro-
chemical literature differ from those used in solid-state physics in some
aspects, the basic concepts of photovoltaics and electrochemistry shall be
firtsly discussed. This includes a short introduction in the solid-state
semiconductor physics and a description of the relevant electrochemical
principles. Secondly, the topic of photoelectrochemical water splitting,
which combines the foregoing elaborated photovoltaic and electrochemical
aspects, will be elucidated. Following a brief description of the ther-
modynamic requirements for the electrolysis of water, in particular the
metal/electrolyte and semiconductor/electrolyte interfaces will be con-
trasted with each other. To close up, the buried junction device concept
for light induced water splitting will be described and compared to the
semiconductor/electrolyte junction device concept.

2.1 Basic concepts of photovoltaics

2.1.1 Light absorption in semiconductors

The absorption of photons takes place through the excitation of electrons into states
of higher energy [33]. If a continuous range of excitation energy states is available in
the absorbing material, photons of any arbitrary energy hv can be absorbed, with
h the Planck’s constant and v the frequency of the electromagnetic wave. This
situation would be equivalent to an ideal black body. In fact, metals represent the
closest approximation to black bodies, as they possess a continuous, uninterrupted
range of excitation energies. Only the reflection of major parts of the incident light
prevents them from being considered as ideal black bodies.

In semiconductors the situation looks different, as the range of excitation energies
is interrupted by an energy band gap of width F,, as schematically depicted in Fig. 2.1.
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The energy gap separates the nearly fully occupied energy range of the valence band
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Fig. 2.1 Schematic illustration of optical transitions in a semiconductor (at
300 K) upon light excitation. Electrons are excited from the valence band into
the conduction band by the absorption of a photon with the energy hv, while
leaving a vacancy or a hole in the valence band. The energy E, defines the
width of the band gap of a semiconductor (details can be found in the text).

(valence band edge Ev) from the nearly unoccupied energy range of the conduction
band (conduction band edge E¢). For a direct band-to-band excitation of an electron
from the valence band to the conduction band by the absorption of a photon, the
photon must have an energy at least as high as the energy gap E, = hv (transition 1
in Fig. 2.1). Electrons excited into higher energy levels of the conduction band
(transition 2 in Fig. 2.1) are thermalised to the lower edge of the conduction band E¢
within about 1072 to 107!3 seconds [24]. For direct band-to-band transitions in
direct semiconductors, the momentum conservation law for electron excitation by
photon absorption is relaxed and the relation between the absorption coefficient v,
and the photon energy E,, can be written as aups ~ /Epn — Ey [34]. Please note
that this relation is valid only for light with photon energy larger than the band
gap of the semiconductor and that it ignores all other sources of absorption other
than the band-to-band absorption. For indirect semiconductors, the momentum of
electrons does not remain constant and band-to-band transitions can only occur
indirectly via an additional phonon in the semiconductor lattice. In this case, the
relation between apps and Epp is given by oaps ~ (Epn — Eg)2 [34].

In general, photons with smaller energies than F, cannot excite an electron, and
thus, cannot be absorbed, but may be transmitted or reflected by the semiconductor.
However, if impurities are incorporated in the lattice, e.g. by doping, various other low
energy electronic transitions become feasible. For instance, an excitation of an electron
to or from a donor impurity level Ep within the band gap into the conduction band is
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possible (transition 3 and 5, respectively in Fig. 2.1). Since the impurity concentration
in the lattice (also related to the overlap of the wavefunctions) is relatively small, the
corresponding absorption coefficient will be smaller by many orders of magnitude
than that for a band-to-band transition. Within the conduction band electrons
may also be excited to higher energy levels, where they start losing their energy by
stepwise generation of phonons until they reach the lower edge of the conduction band
E¢ again (transition 4 in Fig. 2.1). Such intraband transitions require lower photon
energies and predominantly occur in highly doped semiconductors [24]. In crystalline
silicon (c-Si), for instance, the electrons can stay up to 1073 seconds in average in
the conduction band before they recombine, which is a comparatively long time that
allows the processes for the conversion of electron energy into electrical energy to
take place via charge transport to an outer electrical circuit [33]. Recombination may
be accompanied by the emission of a photon (radiative process) or the recombination
may occur in a radiationless way by transferring the excess energy to a trap state
within the band gap (Schockley-Read-Hall process). The excess energy through
recombination may also be transferred to another free electron in the conduction
band (Auger process).

2.1.2 Electrons in semiconductors

Electrons in semiconductors can be interpreted as low-density particle ensembles
and their occupancy in the conduction band can be approximated by the Boltzmann
function [34]:

Ec _EF} : (2.1)

kT
where N¢ is the density of energy states within a few kT above the conduction

ne &= N exp {—

band edge. As seen in the foregoing section, the excitation of an electron from the
valence band to the conduction band leaves a positively charged hole in its place
in the valence band. Note that there is a chemical analogy with the dissociation of
a liquid such as water into H3O" and OH™. In semiconductors equal numbers of
oppositely charged species are produced upon excitation in order to preserve charge
neutrality. In this case, the position of the Fermi level Er lies approximately in the
middle of the energy gap, as shown in Fig. 2.2(a)). Analogous to metals, the Fermi
energy of a semiconductor is the electrochemical potential for electrons i, i.e. the
thermodynamic work required to add one electron to the material [35] (see Section 2.2).

Intrinsic semiconductors exhibit a rather low conductivity, since the intrinsic
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Fig. 2.2 Relative position of the Fermi level Er for an intrinsic semiconductor
(a), for a p-type semiconductor (b), and for an n-type semiconductor (¢). The
splitting of the quasi-Fermi levels Er, for electrons and Ef, for holes upon
excitation by light, for instance, is shown in the illustration (d).

carrier concentrations under ambient conditions are very low. The latter can be
increased by orders of magnitude by doping, i.e. by adding altervalent impurities
in the intrinsic material. If a semiconductor is doped with donor (n-type doping)
or acceptor (p-type doping) atoms, the Fermi level shifts towards the conduction or
valence band edge, respectively, in order to preserve charge neutrality (see Fig. 2.2(b)
and (c), respectively). Depending on the distance of the donor and acceptor levels
with respect to the corresponding bands, electrons are thermally excited into the
conduction band and holes into the valence band [24].

The foregoing discussion strictly refers to semiconductors in equilibrium, where
the Fermi level, i.e. the electrochemical potential is constant throughout the semicon-
ductor. If the equilibrium is disturbed upon light excitation for instance, the electron
and hole densities are increased to above their equilibrium value. Consequently,
the electron and hole densities cannot be determined by the same Fermi level and
it becomes necessary to define quasi-Fermi levels E, and Ep, for electrons and
holes, respectively. In doped semiconductors, the quasi-Fermi level of the majority
charge carriers stays (nearly) constant upon illumination, whereas the quasi-Fermi
level of the minority charge carriers varies with the distance from the excitation
area (see Fig. 2.2(d)). The quasi-Fermi levels play an important role, not only for
semiconductor/semiconductor junctions (see following Section 2.1.3), but also for pro-
cesses at the semiconductor /electrolyte interface, because the relative position of the
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quasi-Fermi level with respect to that in a liquid solution yields the thermodynamic
force which drives an electrochemical reaction [24] (see Section 2.3).

2.1.3 Semiconductor junctions

When two differently doped semiconductor materials are brought into contact, a
charge transfer flow across the interface occurs on account of the difference in
concentration of charge carriers in the two materials. For pn junctions, electrons
from the n-type side start to diffuse into the p-type side and holes in the p-type
side start to diffuse across into the n-type side. The diffusion current is proportional
to the charge concentration gradient between both materials. This process leaves
ionised donor or acceptor atoms as immobile impurities behind, creating a region
near the interface, which is depleted of mobile carriers. This region is called depletion
region. The accumulation of electric charges of opposite polarities near the interface
gives rise to an electric field, which in turn causes a drift of carriers in the direction
opposite to the diffusion. The diffusion of carriers continues until the drift current
balances the diffusion current, thereby reaching thermal equilibrium as indicated by
a constant Fermi energy. This situation is shown in Fig. 2.3 for homo- and hetero-pn
junctions, and for a pin junction.

In homo-pn junctions (Fig. 2.3(a)) two semiconductor materials with the same
band gap energy are brought into contact or one semiconductor is doped in different
regions with different elements. A heterojunction always consists of two different
materials with different band gaps. Due to the change in the band gap energies, a
discontinuity exists in the conduction and valence band edges at the junction. This
affects the effective fields for the two carrier types in different ways. Usually, one type
of carrier is assisted by the field change, while the other is opposed. In Fig. 2.3(b)
for instance, the field that drives electrons to the n side is increased, while the
field driving holes towards the p side is decreased. In contrast to pn junctions, pin
junctions have an undoped layer between the highly or even degenerately-doped p and
n regions. These layers can be designed with slightly higher band gap energies than
the intermediate i-layer in order to enhance the transparency for the incident light
(see Fig. 2.3(c)). This extends the electric field over a wider region and elongates the
depletion region. This type of junction is preferrable in materials with short minority
carrier diffusion lengths and will be discussed in more detail in the following section.
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Fig. 2.3 Energy band diagrams of a homo-pn junction (a), of a hetero-pn
junction (b), and of a pin junction (c) in equilibrium condition (details can be
found in the text).

2.1.4 Operation principle of thin film pin solar cells
Single junction solar cells

In doped thin films of hydrogenated amorphous (a-Si:H) or microcrystalline silicon
(ue-Si:H), the defect density is high compared to crystalline Si, causing reduced charge
carrier lifetimes. Hence, the pn junction structure used in ¢-Si solar cells cannot
be applied in thin film silicon solar cells. The transport of photogenerated charge
carriers therefore must be realised by a drift process, which is achieved by inserting
an intrinsic layer (i-layer) between the p-type and n-type regions, as schematically
depicted in Fig. 2.4. The embedded intrinsic layer works as absorber layer and
expands the space charge region of the pin solar cell [36,37]. The thickness of the
i-layer directly influences the light absorption of the solar cell and in the particular
case of a-Si:H absorber layers, the effect of light induced degradation, which increases
with the layer thickness [38,39] (see Section 3.1.1).

As shown in Fig. 2.4(b), upon illumination the electric field generated by the
p- and n-layers leads to the separation of the photogenerated electron-hole pairs.
Following the electric field, holes are driven to the p-side, and electrons to the n-side
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Fig. 2.4 (a) Structure of a pin a-Si:H solar cell in superstrate configuration.
The incident light enters the solar cell through a transparent conductive oxide
(TCO) coated glass substrate. The rear side of the solar cell is composed
of a ZnO:Al/Ag back contact. (b) Band diagram of a pin solar cell under
illuminated conditions. The p- and n-layer produce an electric field that leads
to the separation and the transportation of photogenerated charge carriers to
the electrodes. Electrons move to the n-side and holes are transported to the
p-side of the solar cell. The splitting of the quasi-Fermi levels Er, and Erp,
defines the photovoltage of the solar cell.

of the solar cell. Consequently, the separation of charge carriers builds up a voltage
between both doped layers. This voltage is called photovoltage and it is defined by the
splitting of the quasi-Fermi levels Ep, and Er, [33] (see Fig. 2.4(b)). In open-circuit
conditions the photovoltage is called open-circuit voltage Voc. A photocurrent can
be picked up if the p- and n-layers are connected through electrodes by an external
circuit. The thickness of the doped layers is a critical parameter, as it strongly
influences the photocurrent and the photovoltage of the solar cell: with thinner
p-layers (~ 10 nm) more light enters the intrinsic absorber layers of a pin solar cell,
and thus the photocurrent of the device increases. Thicker doped layers (~ 30 nm)
on the other hand enhance the internal electric field within the pin structure, which
leads to an increase in the photovoltage. Note that the band diagram in Fig. 2.4(b)
is just a simplified picture of an ideal solar cell, as depicted in Fig. 2.4(a). In reality,
additional effects occur, such as electronic defects at the p-/i- and n-/i-interfaces
and in the i-layer, respectively, leading to an attenuation of the electric field due to
interface recombination, and thus, to lower photovoltages [40,41].
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In Fig. 2.4(a) it is illustrated that the incident light enters the solar cell through
a transparent conductive oxide (TCO) coated glass substrate. According to the
deposition sequence of the p-, i- and n-layers, thin film silicon cells can be classified
as pin or nip cells. Details on the structure and fabrication of nip cells can be found
in Ref. [42]. The solar cells presented in this work were deposited in a pin and in a
stacked pin sequence, respectively. In pin solar cells, also called superstrate cells, a
transparent substrate serves as the window of the solar cell, and the p-layer is the
first layer deposited on the substrate followed by the i- and n-layer deposition. In
general, it is necessary to illuminate the solar cell through the p-layer, because in
the thin film silicon material, particularly in a-Si:H, the hole mobility is significantly
lower compared to the electron mobility (typically two order of magnitude lower [43]).
By doing so, most of the incoming sunlight is absorbed in the i-layer region close to
the p-layer, which features a shorter distance for the low mobility holes to travel to
the p-layer contact.

To increase the light absorption in the i-layer, without increasing the i-layer
thickness, the front and back electrodes are textured, as visualised in Fig. 2.4(a). In
this case, the light path in the solar cell is prolonged by light scattering at the surface
of the TCO front electrode and of the back contact, which consists of a stacked
aluminium doped zinc oxide/silver (ZnO:Al/Ag) reflector. Further details on the
fabrication process of pin solar cells can be found in Section 3.2.

Multijunction solar cells

Multijunction solar cells are composed of several pin single junction sub cells stacked
upon one another and monolithically connected in series. For a single junction
solar cell, the light absorption occurs only in a certain wavelength range and thus,
a certain part of the solar spectrum cannot be used, i.e. photons with energies
less than the band gap of the absorber material do not contribute to charge carrier
generation and the photon energies exceeding the band gap cause thermalisation.
For a better use of the solar spectrum, a-Si:H and pc-Si:H multijunction absorber
layers, with different band gaps were arranged in tandem, triple, and quadruple
junction configurations in this work. Such stacked configurations allow to guide the
photons into the absorber layer where the band gap matches the photon energy,
which reduces thermalisation losses. Fig. 2.5 schematically shows the multijunction
solar cell configurations investigated in this work. The absorber layer sequence in the
multijunction cells is chosen in a way that the incident light first reaches materials
with the higher band gaps. Accordingly, a-Si:H, which has a higher band gap energy
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Fig. 2.5 Schematic drawing of the a-Si:H/a-Si:H and a-Si:H/uc-Si:H tan-
dem, the a-Si:-H/a-Si:H/pc-Si:H and a-Si:H/pc-Si:H/pc-Si:H triple and the
a-Si:H/a-Si:H/pc-Si:H/ pe-Si:H quadruple junction solar cell structures in pin
configuration investigated in this work.

than pc-Si:H, is always used as top cell material where high energetic light in the
wavelength region between 400 — 600 nm is absorbed. The transmitted infrared
light is led to the middle and/or bottom pc-Si:H absorber layers, as schematically
illustrated in Fig. 2.6(a). Similar to the single junction cells, a ZnO:Al/Ag layer stack
reflects light that is not absorbed during the first pass through the multijunction cell
back into the sub cells so that the effective light path in the absorber materials is
enhanced. A number of studies demonstrate that an increase in the number of sub
cells in a multijunction device results in higher theoretical limits for the electrical
conversion efficiency [26,44,45].

The electrical series connection of the sub cells is achieved by a recombination
junction, as exemplarily shown for an a-Si:H/a-Si:H/uc-Si:H pinpinpin structure in
Fig. 2.6(b). In the a-Si:H top cell, holes are transported to the front TCO contact,
whereas electrons move to the n-layer, adjacent to the p-layer of the second a-Si:H
middle cell. For the a-Si:H middle and the pc-Si:H bottom cell the situation is
the same. At these n-/p-interfaces, the electrons need to recombine with holes
transported from the middle cell and bottom cell, respectively, in order to ensure a
continuity in the current transport. To increase the density of states available for
the recombination, a sufficiently high defect density at the n-/p-interface, i.e. highly
doped n- and p-layers are required to maintain a high recombination rate [46,47].
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Fig. 2.6 (a) Hlustration of the spectral distribution in a multijunction solar
cell structure, for the example of a triple junction cell. (b) Band diagram of
a pin multijunction solar cell under illuminated conditions (as an example a
triple junction solar cell is shown). Holes and electrons from the a-Si:H top
and middle cell, and the pc-Si:H bottom cell, respectively, have to recombine
at the n-/p-interfaces to ensure a continuous current. The interfaces are called
recombination junctions. The sum of the splitting of the quasi-Fermi levels
Erpyn and Efp, of the top, middle and bottom cell defines the photovoltage of
the multijunction cell.

Assuming that no losses occur at the recombination junction, the photovoltage
can be defined as the sum of the individual sub cell photovoltages, defined by the
splitting of the quasi-Fermi levels Er, and Ep,, as shown in Fig. 2.6(b). Since the sub
cells are connected in series, the total current through the multijunction cell is limited
by the sub cell that delivers the lowest current. Ideally, the photocurrent density
generated by the solar cell is equally distributed among all sub cells, so-called "current-
matched”. This would avoid an electric field along the recombination junction by an
incomplete recombination, and thus, provide the highest possible photocurrent [48,49)].
Alternatively, the so-called "power matching” of the photocurrents can be applied to
optimise the maximum performance output of the solar cell instead of the current
matching [50].
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2.2 Basic concepts of electrochemistry

2.2.1 Charge transport in electrolytes

In contrast to solid-state materials such as metals and semiconductors, the current
in liquid electrolytes is carried by ions [24]. Positively and negatively charged ions
are formed by the dissociation of salts in a polar solvent, for instance HySO, or KOH
in water. Whereas in a semiconductor usually one type of charge carriers (majority
carriers) dominates due to doping, in the electrolyte both types of carriers are always
present in equal concentrations. In analogy to the solid-state electronic conductivity,
the conductivity in a liquid solution is given by

o=F(z1py + zp_)C . (2.2)

In Eq. 2.2 z; and 2y are the charges of the ions, u; and u_ are the mobilities of
the positively and negatively charged ions (given in ¢cm?/Vs), respectively, C is
the concentration of the ions (given in mol/cm?), and F is the Faraday constant.
Experiments show that the mobility of most ions is around 10~ ¢cm?/Vs, which is
about 5-6 orders of magnitude smaller than the mobility of electrons and holes in
a crystalline semiconductor. Low ion concentrations can limit the device efficiency
due to a high resistive losses. The influence of the ion concentration of the device
performance will be discussed in Section 4.3. Please note that pure water does not
contain enough ions to allow for a reasonable conductivity and therefore cannot be
used for an electrolysis process.

2.2.2 Fermi level and standard potential of redox systems

Redox systems are characterised by molecules or ions in a solution which can be
reduced and oxidised by a pure electron transfer. The corresponding reaction is given
by

cathodic,

Ox + ne Red , (2.3)

anodic

in which Red is the reduced and Ox the oxidised species (e.g. Red: Hy, Ox: 2H™) [24]
and n is the number of charge carriers. In analogy to the Fermi energy, introduced
in the foregoing photovoltaic descriptions, the electrochemical potential f; is defined
as the work required to add a charged particle of species i to a redox system under
constant pressure p and temperature 7. It can be expressed as the partial derivative
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of the Gibbs free energy G of the phase under consideration with respect to the
number N of charged particles of species 7, by

(oG B
p,T

The term n;e¢ indicates the work needed to transfer one mole of n-valent ions from
a remote position into an electrolyte solution with a potential ¢, with n; being the
charge number of species ¢ and e the elementary charge. If there are no charged
particles, the electrochemical potential equals the chemical potential p;.

All chemical and electrochemical potentials are usually given in units of joule
per mole (J/mol), whereas Fermi energies are usually given in units of electron volts
(eV). The electrochemical potential of a single electron in a redox electrolyte is given
by the Nernst expression [51]

RT COx
— In
nE  CReq

Eredox = /Ze = E?edox + (25)
In Eq. 2.5, cox and creq are the concentrations (roughly activities) of the oxidised
and reduced species, respectively, in the redox system [51] and R is the universal

gas constant. The standard electrode potential E°

 dox 192] of an electrochemical

reaction is commonly referred to the standard hydrogen electrode (SHE), i.e. to the
redox potential of the Hy/H* couple, which is defined as 0 V versus SHE [53]. This
arbitrary chosen reference potential is in contrast with the electron energy in vacuum,
which is adopted as absolute standard reference in other branches of the chemistry
and physics community. It is estimated that the SHE lies at -4.5 eV with respect
to the vacuum level [54,55]. This enables to relate the standard electrochemical
potential EY, . (as defined with reference to SHE) to the Fermi level Ef yedox in the
electrolyte (expressed versus the vacuum reference), by

EF redox = —(4.5 eV +eFE2 ) ) (2.6)

At equilibrium, the Fermi level in the solid-state band structure and the electrochem-
ical potential of a redox couple can be brought onto a common energy scale, which
facilitates the quantitative description of photoelectrochemical concepts. Fig. 2.7
shows the Fermi energy scale using the vacuum level as a reference and the electro-
chemical scale using the standard hydrogen electrode as a reference. However, in
spite of the common terminology, the particles in a solution do not behave like free
electrons in a semiconductor which obey Fermi-Dirac statistics [57].
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Fig. 2.7 Comparison of the Fermi energy scale using the vacuum level as a refer-
ence and the electrochemical scale using the standard hydrogen electrode (SHE)
potential as a reference. The electrochemical potential of the oxygen evolution
reaction (O2/H20) was calculated for pH 0. The standard electrode potentials
of various redox couples under standard conditions (7" = 298.15 K; p = 1 bar;
COx = CRed = 1) have been compiled in tables in literature (e.g. [56]).

The electrode potential can also be referred to the reversible hydrogen electrode
(RHE) [58]. Unlike the SHE, the measured potential of the RHE does not change
with the pH [59]. The potential of the RHE can be approximated by

2.303RT COx
——— log

2.7
nkF CRed ( )

_ 10
ERHE - Eredox +

The factor 2.303 results from the conversion from a natural logarithm to the common
logarithm (compare with Eq. 2.5), which is more often used in electrochemistry. For
the Hy/H* redox couple, creq = 1, while coy is not unity, but corresponds to that of
the electrolyte solution. Thus, for 7= 298.15 K, Eq. 2.7 can be written as

Erug = E,,

redox

+0.059 logcoy = E 4. + 0.059 pH : (2.8)

with pH being defined as common logarithm of the reciprocal of the hydrogen ion

activity in a solution [60].
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2.2.3 Electrochemical reaction kinetics

The foregoing discussion strictly refers to redox systems under equilibrium, where
the occuring cathodic and anodic processes have the same reaction rate. In an
electrochemical cell the equilibrium can be disturbed by applying an overpotential
to the system or by adding reactants, which will increase either the cathodic or the
anodic reaction rate and lead to a net current flow. The resulting current/potential
interdependency is governed by the charge transfer reaction process at the elec-

trode/electrolyte interface, whose finite velocity unavoidably limits electrochemical
cathodic

reactions of the form Ox + ne Red. The charge transfer requires a certain

anodic
activation energy AG*, as illustrated in the reaction coordinate diagram in Fig. 2.8.

In the free-energy profile, AG* is the barrier height of an initial reactant to
an intermediate state within the so-called Helmholtz double layer, which will be
discussed in Section 2.3.2. Intermediate states near the metal or semiconductor
electrode surface may occur if an adsorbed molecule participates in the reaction, or
if energy states within the energy gap at a semiconductor surface are involved, or
if just more than one electron is involved in the reaction [24]. Fig. 2.8 illustrates
the effect of an applied overvoltage to the redox system. As exemplarily shown,
the barrier height for the anodic reaction AG? is decreased with respect to the
equilibrium condition (AGY,,
voltage, i.e. an overpotential 7. The activation energy for the cathodic reaction

) by varying the electrode potential via an external

AG™, on the contrary, is increased with respect to the equilibrium condition (AG?, ).
The overpotential necessary to drive the charge transfer is the difference between the
electrochemical potential and the electrode potential for the equilibrium case under
standard conditions [24] and can be written as [58]

Net = (Eredox - Egedox) . (29>

In fact, n is a specific property of the electrode material. Fig. 2.8 furthermore
illustrates the effect of a variation of the concentration ratio cox/creq by adding
reactants in the solution, which leads to a similar effect as that caused by an
application of an external voltage. For instance, an increase of co, speeds up the
cathodic reaction rate, which leads to a smaller barrier height for the cathodic
reaction in the equilibrium and in the polarisation condition compared to the barrier
heights for the anodic reaction, as shown in Fig. 2.8.
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Fig. 2.8 Free-energy versus reaction coordinate diagram for a redox system
under equilibrium (blue curve) and under polarisation (red curve) for cox > CRed-

AGY,_ and AGZ,, denote the activation energies for the cathodic and anodic

reactions, respectively under equilibrium. AG* and AG? denote the activation
energies for the cathodic and anodic reactions, respectively, for applied bias
conditions. « is the transfer coefficient and 7 is the overpotential. The figure
is adapted from Ref. [61].

As apparent from Fig. 2.8, the linear relation between the overpotential and the
activation energies can be given by

AGYL = AGL,, — ankFne , (2.10)

AG = AG:_+(1—amFng . (2.11)

The transfer coefficient @ defines to what extend the activation energies are var-
ied upon application of an external voltage and usually lies between 0.3 and 0.7.
Any variation in the activation energies results in a net current flow. The overall
current-voltage dependence of an electrochemical reaction can be obtained by the
superposition of the cathodic and anodic reaction kinetics and is described by the
Butler-Volmer expression [22]

J=Jo {eXp {O%?mt} —exp {—(I_RO;)W%H : (2.12)
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In Eq. 2.12 the exchange current density jj is a measure for the velocity of the charge
transfer under equilibrium condition and thus, a measure for the catalytic activity of
an electrode. It is influenced by the activation energy and by the concentration of
the reactants.

For sufficiently large overpotentials || > RT/nF (which is in the range of
interest for this work), one of the exponential terms of Eq. 2.12 can be neglected
compared to the other (cathodic or anodic term, depending on the sign of 7.) and
the Butler-Volmer equation can be approximated with a reasonable accuracy by

anF
=7 — 1 2.13
j Joexp<RTm> (2.13)
By taking the logarithm of Eq. 2.13, the Tafel equation is obtained
_ J
Net = b log=- : (2.14)
Jo

The Tafel behavior describes the overpotential required to overcome the activation
barrier, i.e. to force the current to flow for a specific reaction. The Tafel slope
b= RT/(anF) describes the change in potential per decade of current (mV/dec). In
fact, the Tafel slope contains information regarding the mechanism of a reaction and
can be utilised to identify the rate determining step of the overall reaction [58,62].
In this work, the Tafel slope b and the exchange current density jo were employed as
parameters to model the current density-voltage behavior of hydrogen and oxygen
evolution catalysts via Eq. 2.14 (see Section 4.3 and 6.3). Both parameters can
either be evaluated experimentally or found in the literature for various electrode or
catalyst materials.
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2.3 Basic concepts of photoelectrochemical water
splitting

2.3.1 Principles of solar water splitting

The splitting of one mole of water into gaseous Hs and Os by the action of sunlight
produces one mole of hydrogen gas and a half-mole of oxygen gas in their normal
diatomic forms [63]

H,O(liquid) 4+ hr — Hy(gaseous) + 1/204(gaseous) . (2.15)

The appropriate hydrogen evolution reaction (HER) and oxygen evolution reac-
tion (OER) with the corresponding redox potentials are given by

2H' +2¢” = H, E® ... =0V vs. SHE (pH 0) (2.16)
2H,0 + 4h* = 4H' 4 O, E® o = 1.23 V vs. SHE (pH 0). (2.17)

The reduction half-reaction is a two-electron transfer reaction, while four charge
carriers are involved in the oxidation of water to form oxygen [7]. At standard
temperature (298 K) and concentrations (1 mol/L; 1 bar), the free-energy change
of the reaction AGY is 237.2 kJ/mol (thermodynamically uphill reaction), which
corresponds to 2.46 eV per molecule H,O. Since two electrons are involved in the
water splitting reaction, the energy needed per electron is 1.23 eV. Combining the
overpotential losses associated with both reactions (2.16) and (2.17), a realistic
minimum required potential is 1.6 V for the water decomposition.

2.3.2 Metal/electrolyte interface

By immersing a semiconductor or a metal electrode in a redox electrolyte, a dynamic
equilibrium ensues, which manifests itself by a flow of charge from one phase to
the other in order to equilibrate the disparate electrochemical potentials (analogous
to the semiconductor pn junction, described in Section 2.1.3) [51]. This leads to a
potential difference across the electrode/electrolyte interface, and thus, an electrical
field is generated. The field will contribute to the redistribution of mobile ions and
water dipole molecules in the region near the electrode. The process of redistribution
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at the metal/electrolyte interface builds up a double layer, which at the solution side
consists of several layers, as presented in Fig. 2.9.

double layer diffusion layer
.

specifically,
adsorbated
anion

potential —>

Fig. 2.9 Schematic illustration of the metal/electrolyte interface according to
the Helmholtz model. The model consists of a double layer (inner and outer
Helmbholtz layer, IHL and OHL, respectively) and of a diffusion layer (adjacent
to the double layer) and the electrolyte solution (adjacent to the diffusion layer,
not shown here), which contains solvated cations and anions, respectively, and
water dipoles. The potential drop across the metal/electrolyte interface is
shown below the illustration. The figure is adapted from Ref. [61].

The first, so-called inner Helmholtz layer (IHL) is only a few angstroms thick
and is formed by solvent molecules and specifically adsorbed ions. The adjacent layer
is called outer Helmholtz layer (OHL) and is formed by a positive or negative layer of
solvated ions, depending on the charge on the electrode. According to the Helmholtz
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model, the potential over the metal/electrolyte interface is considered to change
linearly from the metal surface to the edge of the OHL, as displayed in the lower
part of Fig. 2.9. Since the interaction between the electrode and the solvated ions
involves only long-range forces, a concentration profile of the solvated ions extends
from the OHL into the bulk of the electrolyte exists. This layer is called diffusion
layer and is characterised by a three-dimensional distribution of mobile solvated
ions. The electrical field in this region is assumed to decrease exponentially with the
distance from the electrode. Since the high electronic conductivity of a metal cannot
support an electric field in it, almost all the potential drop at the interface occurs
within the double layer and the diffusion layer in the electrolyte phase. This aspect
is a major point of distinction from the corresponding semiconductor/electrolyte
interface, which will be discussed in the following section.

2.3.3 Semiconductor/electrolyte interface

Similar to the metal/electrolyte interface, the equilibration of the disparate electro-
chemical potentials, as shown in Fig. 2.10(a), gives rise to a flow of charge between the
two phases [64]. In the electrolyte, the density of states of solvated ions as a function
of energy can be approximately described by a Gaussian distribution function [24,65].
It is proportional to the concentration of reduced and oxidised species and usually
higher compared to the density of states in a semiconductor. The concentration of
ions in the reduced state can be considered as a density of electronically occupied
energy states in the electrolyte. The concentration of oxidised ions is therefore the
density of electronically unoccupied states in the electrolyte [66].

The associated band bending after the contact is shown in Fig. 2.10(b) for an
n-type and in Fig. 2.10(c) for a p-type semiconductor interface. After the contact,
the net result of equilibration is that Ep = EF redox [51] (see Section 2.2.2). In the
case of the n-type semiconductor interface, the charge needed for equilibration was
provided by the donor atoms. Similar to the semiconductor/semiconductor junction,
discussed in Section 2.1.3, a depletion region is built-up near the interface, which
contains positive charges from the ionised donors and results in a positive bending
at the interface (Fermi level moves ’"down’). The higher density of states in the
electrolyte dictates that the Fermi level in the semiconductor moves farther than the
corresponding level Ep redox-

Therefore, as illustrated in Fig. 2.11, the equilibration process, in contrast to
the metal case, leads to a potential drop not only in the electrolyte, but also within
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Fig. 2.10 (a) Schematic illustration of the energy levels in a semiconductor
(left-hand side) and in a redox electrolyte (right hand side) shown on a common
vacuum reference scale. (b) The semiconductor/electrolyte interface before
and after equilibration (i.e. contact of the two phases) shown for an n-type
semiconductor. (c¢) Same as in (b), but for a p-type semiconductor.

the semiconductor. In fact, the interfacial potential drop across the semiconduc-
tor/electrolyte junction is partitioned as potential drop in the semiconductor Vsc, in
the Helmholtz layer Vj, and in the diffusion layer Vp of the electrolyte. This leads
to the most simple equivalent series circuit model comprising three capacitors Csc,
Ch, and Cp, as depicted in the lower part of Fig. 2.11 [24,51].
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Fig. 2.11 Schematic illustration of the potential drop at the semiconduc-
tor/electrolyte interface. A simplified equivalent circuit for the interface at
equilibrium, including the three capacitors Csc, Cy, and Cp, is shown in the
lower part of the figure. The figure is adapted from Ref. [51].

Semiconductor based photocathodes and photoanodes, also called photocatalysts,
are widely used and under examination in the literature. Examples for investigated
photocatalysts are III-V semiconductors (e.g. GaP [67,68] or GalnP, [69]), crys-
talline Si [31,70,71], group VI-dichalcogenides [72-75], CdS coated CuGaSe, [76],
nanostructured WO3;/BiVO, [77], and hematite (a-FesO3) [78]. Practical water
splitting, however, remains challenging due to the stringent requirements that photo-
catalysts have to fulfil, with respect to the their band gap energy and electrochemical
properties [79]:

e appropriate band edge positions of the semiconductor for overall water splitting,
e suitable solar visible-light absorption, i.e. band gap energy lower than 3 eV,

e stability against corrosion in aqueous environments and in the photocatalytic
reaction.

From a thermodynamic point of view, solar water splitting requires that the conduc-
tion band edge of the photocatalyst is located at a more cathodic (negative) potential
than the proton reduction potential (Hy/H™, see electrochemical scale in Fig. 2.7).
Furthermore, to facilitate water oxidation, the valence band edge of the photocatalyst
must exceed the oxidation potential of water (O2/H50), i.e. + 1.23 V vs. SHE at
pH 0. Therefore, a theoretical semiconductor band gap energy of 1.23 eV is required
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to drive the overall water splitting reaction [79] without external bias. In fact, how-
ever, it is not sufficient that the energy band edges comprise the Hy/H* and Oq/H,0
potentials. Rather, the electron and hole quasi-Fermi levels of the semiconductor
must straddle the electrochemical potential levels with sufficient extra separation to
allow for band bending, overpotentials, and interfacial recombination [80]. Therefore,
the required band gap for single absorber photocatalysts considerably increases to
values of > 2.0 eV [81]. In Fig. 2.12 the band positions of various exemplarily chosen
photocatalyst materials with respect to the water reduction and oxidation potentials
are shown [79].

Zr0, KTaO; SrTiO; TiO, ZnS CdS CdSe GaP SiC Si MoS, WOj; Fe,0, cathodic (-)

T

EERENREERER Y

50 34 32 30 36 24 17 225 30 11 175 28 23eV

V vs. SHE (pH 0)

band gap energies

Fig. 2.12 Schematic illustration of the band structures of various photocatalyst
materials, including the band gap energies and the positions of the band edges
relative to the water reduction and oxidation potentials (V vs. SHE, pH 0) [79].
Cathodic (negative) and anodic (positive) potential directions are indicated on
the right side of the illustration.

For TiO,, CdS, and SiC from Fig. 2.12 the band gap energies are lower than
(or equal to) 3 eV and the band edge positions ’straddle’ the redox levels. Hence,
these semiconductors fulfil two of the above mentioned requirements for overall water
splitting. Metal chalcogenides, such as CdS or CdSe, are however not stable in the
water oxidation reaction because the S~ or Se?~ anions are more susceptible to
oxidation than water, which leads to the oxidation [82] and degradation [83] of these
photocatalysts. Although MoS,, WOj3, and FesO3 function as photocatalysts for Oq
evolution with adequate band gap energies (< 3 eV), their conduction band edge is
located at a more anodic (positive) potential than the potential for water reduction.
As a result, these photocatalysts cannot reduce H to Hy. Vice versa, GaP and
bare Si cannot oxidise water to O, as their valence band edges do not exceed the
oxidation potential of water.
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This shows that a large number of semiconductor electrodes are not suitable for
water splitting due to their intrinsic electronic properties. The few semiconductor
materials, which thermodynamically allow water splitting, exhibit significantly higher
overpotentials compared to metal electrodes. This is mainly caused by slower charge
carrier transfer kinetics [84,85] and by the larger potential drop at semiconduc-
tor/electrolyte interfaces [7].

Devices utilising semiconductor /electrolyte junctions, are referred to as photoelec-
trochemical (PEC) or photoelectrosynthetic cells [86]. Commonly, the performance
of these devices is enhanced by the incorporation of a catalyst at the semiconduc-
tor/electrolyte interface to improve the interfacial charge transfer kinetics [87].

2.3.4 Buried junction devices

The elaborated thermodynamic and stability issues in semiconductor photoelectrodes
being in direct contact to the electrolyte can be avoided by 'burying’ the semiconductor
junction in an integrated photovoltaic-electrochemical (PV-EC) device. Metal layers
present prominent candidates to bury the semiconductor PV structure, as they can
protect the semiconductor surface from the electrolyte and act as a catalyst. Fig. 2.13
schematically depicts an integrated buried junction device based on a triple junction
thin film silicon solar cell with a ZnO:Al/Ag rear contact and a metal HER catalyst
layer (as investigated in this work). Additionally, the appropriate band diagram
illustration is depicted in Fig. 2.13.

The integrated device is composed of four main components: the multijunction
solar cell (here an a-Si:H/a-Si:H/pc-Si:H solar cell) to provide sufficient photovolt-
age and photocurrent for the water splitting reactions, a catalyst layer to enhance
the HER, which is deposited on the rear contact of the solar cell at the photocath-
ode/electrolyte interface, the electrolyte, which should provide high ionic conductivity,
and an anode, which is usually coated with a metal oxide catalyst layer to enhance
the OER. The solar cell together with the attached HER catalyst compose the
photocathode of the PV-EC device. The PV-EC device configuration presented in
Fig. 2.13 can be illuminated through the glass substrate of the integrated solar cell,
which offers the advantage that the incident light directly enters the photocathode
through the TCO coated glass substrate without being attenuated by a surrounding
medium (e.g. light scattering or shadowing by the electrolyte, by a co-catalyst or
by evolving gas bubbles). A major role in this configuration is governed by the
metallic contact at the photocathode/electrolyte interface, which has to fulfil multiple
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Fig. 2.13 Band diagram illustration and schematic structure of a buried junc-
tion device, with its components: the multijunction photocathode (as example
a-Si:H/a-Si:H/puc-Si:H) under non-biased illumination condition, a hydrogen
evolution reaction (HER) catalyst layer at the photocathode/electrolyte inter-
face, the electrolyte, and the anode with the oxygen evolution reaction (OER)
catalyst. The energy levels for the HER and OER and the respective reactions
are indicated in the illustration. Hydrogen evolution occurs at the rear side
of the photocathode and oxygen occurs at the anode side. AE = 1.23 V is
the thermodynamic potential required for water electrolysis at 25 °C. nyrr
and nogg indicate the overpotentials for the HER and OER, respectively. The
different colors of the silicon absorber layers indicate different band gaps.

requirements, such as: optical reflection of incident light back into the photocathode,
protection of the photocathode from the electrolyte and undesired chemical reactions,
and promotion of the catalytic reaction and a good electrical contact between the
PV structure and the electrolyte. The investigation of the photocathode/electrolyte
contact will be discussed in Section 6.1. Under operation of the PV-EC device the
electrons are injected from the rear side (HER catalyst layer) of the photocathode
into the electrolyte for the HER, (see Fig. 2.13) and thus the holes are transferred
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from the TCO front contact of the photocathode to the anode for the OER.

In fact, this configuration can be interpreted as a series connection of a pho-
tovoltaic cell and an electrolysis cell, in which the electrolysis cell is biased by the
photovoltage generated in the semiconductor junction upon illumination. In relation
to this, the configuration offers the advantage that the photovoltage and the pho-
tocurrent generated by the semiconductor structure are available for the electrolysis
independent of the energy band positions at the solid/liquid interface. The water
splitting reactions are governed only by the metal/electrolyte junction, where the
overpotential of the respective metal catalyst plays the major role. Hence, in contrast
to the semiconductor/electrolyte junction PEC cells, the semiconductor or the solar
cell structure and the catalysts can therefore be developed individually. By this
means, the photovoltaic and the electrochemical parts of the device, such as the
catalysts for the Hy evolution reaction (HER) and the O, evolution reaction (OER),
respectively, can be adapted and combined in a flexible way. A more detailed descrip-
tion of photovoltaic-biased electrochemical devices, including the characterisation
techniques, and the device modeling is presented in Chapter 4.






3 Fundamentals and experimental
details of thin film silicon solar cells

This chapter is concerned with the techniques and methods used to prepare
silicon thin films and solar cells. Prior to the description of the experi-
mental details, the fundamental aspects of thin film silicon as photoactive
absorber material and the operation principle of thin film silicon solar cells
will be discussed. Next, the influence of the most important deposition
parameters during the plasma enhanced chemical vapor deposition, which
was used for the preparation of the thin films, is explained. Finally, the
methods are described with which the material properties and the solar
cell performance were evaluated throughout this manuscript.

3.1 Fundamentals of thin film silicon absorber
materials

The scope of the present section is to describe the properties of hydrogenated amor-
phous and microcrystalline silicon, which were used as photoactive absorber materials
for the photoelectrochemical energy conversion in this study. The descriptions provide
the background necessary to comprehend the evaluation of the experimental data in
the following chapters. For a more thorough and detailed insight into the topics, the
reader is referred to standard textbooks such as Refs. [30,43,88,89].

3.1.1 Hydrogenated amorphous silicon a-Si:H
Structure

In contrast to its crystalline analogous, amorphous silicon is defined by the absence
of long-range order in the atomic positions. Although the Si-atoms are tetrahedrally
bonded and usually fourfold coordinated, like in the crystalline form, bonding lengths
and angles of amorphous silicon vary from the well-ordered crystalline lattice structure
which causes structural defects. Prominent defect configurations are weak/heavily
strained bonds and three- or fivefold coordinated Si atoms, leading to dangling
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bonds within the network. These open bonds considerably deteriorate the electrical
properties of the silicon material. To enable the application in optoelectronic devices,
hydrogen is incorporated into the material (a-Si:H) to partially passivate the dangling
bonds [43]. The incorporation of hydrogen reduces the defect density of the a-Si:H
material from above 10! cm™ (without passivation) [43] to around 10'® — 106 ¢cm™3
without changing the amorphous structure [90].

The electronic structure of a-Si:H is described by the density of states N(E), as
it is shown in Fig. 3.1. From the N(E) plot, basically three types of states can be
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Fig. 3.1 Electronic structure of hydrogenated amorphous silicon (a-Si:H)
described by a density of states N(E), taken from Ref. [91]. Three types of
states can be identified: extended band-like states (valence and conduction
band), localised band-like states (band tails), and localised defect states in the

energy gap.

identified: (i) Extended band-like states, which similar to crystalline silicon (c-Si)
allow overlapping of electronic wavefunctions and thus, form the conduction and
valence band of the semiconductor. (ii) Localised band-like states which do not
overlap and result from more distorted bonds are called band-tails. In these states
charge carriers move with reduced mobility and can be activated into the conduction
band when activated upon temperature increase (above the room temperature). To
differentiate from the classical band gap, a mobility gap is defined in a-Si:H. As
indicated in Fig. 3.1, the mobility gap separates the valence and conduction band
mobility edges and is approximately the optical gap energy of the semiconductor [91].
Since the edge from extended to localised states is not abrupt, the value of the optical
gap depends on the definition and evaluation (see the method of Photothermal
deflection spectroscopy in Section 3.3), respectively, and values between 1.6 [92] and
1.9 eV [93] are typically found. (iii) Localised defect states distributed in the energy
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gap which result from highly distorted and non-saturated bonds (dangling bonds).
These states act as recombination centers for charge carriers and deteriorate the
transport of excess charge carriers [94].

Growth mechanism

The predominant features of the a-Si:H material are defined during the growth process.
Thus, it is anticipated that the electronic properties vary with the deposition process
parameters and consequently a detailed understanding of the growth mechanism is
essential for the optimisation of the electronic properties.

During the plasma enhanced chemical vapor deposition (see Section 3.2.1) the
process gas mixture dissociates upon impact of accelerated electrons. This process
produces precursors, predominantly SiHs in usual deposition conditions [43], which
have one unsaturated bond at the Si-atom. When these molecule fragments reach
and diffuse over a hydrogen-terminated substrate surface, they may abstract one
H-atom from a Si-atom under formation of SiHy, which does not contribute to the
film growth, leaving a dangling bond on the Si-atom. To this open bond a second
SiH3 may diffuse and attach to the silicon atom: the film grows [95], as schematically
shown in Fig. 3.2. Higher deposition temperatures enhance the surface diffusivity
and the abstraction and desorption of hydrogen, respectively, which leads to less
hydrogen in the a-Si:H network.
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Fig. 3.2 Schematic drawing of the growth mechanism of amorphous silicon.
SiH3 molecule fragments diffuse over a hydrogen terminated surface and can
abstract a hydrogen atom from a Si-atom, leaving a dangling bond. SiHy is
formed which does not contribute to the film growth. A second SiHz may
diffuse to the left dangling bond and attach to the substrate [96].
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Optical properties

Due to the long-range disorder in the a-Si:H network, the momentum conservation
law for electron excitation by photon absorption is relaxed. This makes a-Si:H behave
like a material with a direct band gap. Hence, no additional phonon is required for
the optical transition [97], which can occur via a direct two-body’ collision (photon,
electron). An indirect ‘three-body’ collision (photon, electron, phonon) occurs less
frequently and consequently, the absorption coefficient for indirect semiconductors,
e.g. crystalline silicon, is lower compared to direct semiconductors, where layers
of several hundred nanometers are sufficient to absorb most of the sunlight. By
changing the deposition conditions, e.g. hydrogen dilution or deposition temperature,
the optical gap values can be varied over 100 meV [85,98]. Alloying with carbon
leads to a widening of the optical gap over 2.0 eV [99] whereas the incorporation of
germanium reduces the optical gap [99].

Light induced degradation

Thin film silicon material, especially a-Si:H can suffer from the light induced degra-
dation (LID), which mainly causes additional metastable electronic defects in the
optical gap, acting as recombination centres and thus, reducing the photovoltaic
performance of a-Si:H based devices. As a consequence the efficiency of a-Si:H solar
cells can decrease when exposed to light over significant periods of time. This effect,
known as Staebler-Wronski effect, has been intensively investigated [43,100]. The
effect can be reversed by annealing at temperatures above 150 °C [100]. Although a
detailed microscopic model of the Staebler-Wronski-effectis still under discussion, it
is however known that the deterioration of the device performance can be reduced
by using thinner a-Si:H absorber layers in single [101] and in stacked cells [39]. It is
expected that the built-in field distribution is less affected in thinner a-Si:H layers
upon light exposure.
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3.1.2 Hydrogenated microcrystalline silicon pc-Si:H
Structure and growth

Hydrogenated microcrystalline silicon is a phase mixture of crystals embedded in
amorphous tissue. Fig. 3.3 shows a schematic model that illustrates the microstructure
of hydrogenated microcrystalline silicon (uc-Si:H) deposited by plasma enhanced
chemical vapor deposition [102,103].

decreasing crystalline volume fraction

substrate

@ crystallites @) amorphous regions “ voids

Fig. 3.3 A schematic model which illustrates the microstructure of hydro-
genated microcrystalline silicon (uc-Si:H) deposited by plasma enhanced chem-
ical vapor deposition on a glass substrate. From the left side to the right
hand side the film structure changes from highly microcrystalline silicon to
almost amorphous silicon, i.e. the crystalline volume fraction decreases. This
illustration is taken from Ref. [102].

As illustrated, from the left to the right side, the film structure change from
highly crystalline pc-Si:H, characterised by columnar crystalline grains (approximately
100 nm high) to predominantly amorphous silicon regions. The properties of the
prepared films depend on various deposition parameters [103]. One important
parameter, which is investigated in this work, is the silane concentration SC. It is
defined as the ratio of the silane gas flow and the total gas flow, i.e. as

B SiH,[scem]
~ SiHy[scem] + Hy[scem]

SC (3.1)

The variation of SC induces a transition between the amorphous and microcrystalline
growth regime [103]. The related amount of crystalline volume fraction (or crys-
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tallinity) is a crucial factor for the application in solar cells. The crystallinity, which
is the portion of crystalline phase in relation to the total volume, significantly affects
the solar cell parameters and is usually determined by Raman spectroscopy (see
Section 3.3). A decrease of the SC' leads to highly microcrystalline silicon [104,105],
characterised by an increase of the crystalline volume fraction (see Fig. 3.3). In
highly crystalline pc-Si:H material columnar grains with diameters up to 200 nm can
be observed. Note that such big columns do not correspond to single crystallites,
but they consist of a large number of coherent domains (~ 10 nm, see Fig. 3.3),
separated by structural defects, e.g. stacking fault and twin boundaries [105, 106].
The grains between the columns are passivated by the surrounding amorphous tissues,
preventing the post-deposition atmosphere in-diffusion [107,108].

Optical properties

Fig. 3.4 shows the absorption spectra, i.e. the absorption coefficient aps as a function
of the photon energy Epy, for a-Si:H [109], pc-Si:H [110], and c-Si material [111].
The absorption spectra of puc-Si:H and c¢-Si overlap in a wide energy range and both
materials show a similar indirect optical band gap energy of 1.1 eV [36,112].
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Fig. 3.4 Absorption coefficient a,ps as a function of the photon energy Eyp, of
a-Si:H (blue solid curve), pc-Si:H (red dashed curve), and c¢-Si (orange dotted
curve).
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Above photon energies of 1.85 eV pc-Si:H exhibits a lower absorption coefficient
than a-Si:H. Consequently, pc-Si:H absorbs more light in the infrared region, whereas
a-Si:H is used to absorb light in the high energy region. Stacking a-Si:H and
pe-Si:H in multijunction configurations therefore leads to a better use of the solar
spectrum. In these configurations the a-Si:H absorber layers are typically deposited at
thicknesses between 80 and 400 nm and the uc-Si:H absorber layers have thicknesses
usually above 1 pm. The absorption below photon energies of 1.0 eV in the a-
Si:H and pc-Si:H materials is related to defect levels in the sub-gap region. The
absorption spectra of the nearly defect-free c-Si material, on the other hand, exhibits
no significant absorption below 1.0 eV and follows the ayps ~ (Epn — Eg)2 relation
(see Section 2.1.1).

Light induced degradation

In contrast to a-Si:H based solar cells, puc-Si:H solar cells with highly crystalline
absorber layers are significantly more stable against light induced degradation [113,
114]. However, the highest solar cell efficiencies are typically achieved near the
transition of the amorphous growth regime [103,115]. Consequently, in such pc-Si:H
solar cells stronger light induced performance degradation was observed [116-118].
The impact of LID on the performance of thin film silicon solar cells will be discussed
in Section 5.6.

3.2 Techniques and methods for the preparation of
thin film silicon solar cells

This section describes the techniques and processes for the preparation of thin films
and the solar cells. Among the methods to deposit amorphous and microcrystalline
silicon, such as reactive sputtering, Photo-CVD, Electron Cyclotron Resonance (ECR)
microwave deposition, Pulsed Laser Deposition (PLD) or Hot-Wire Chemical Vapour
Deposition [119], the Plasma Enhanced Chemical Vapour Deposition (PECVD)
yields the best device quality a-Si:H and pc-Si:H layers and is used in industrial scale
volume. All silicon layers and solar cells in this work have been deposited by PECVD
at various frequencies. In the following the PECVD system operation and structure
will be described exemplarily by means of the system that was used for this work.
Further details on the PECVD process can be found in the Refs. [36,119-121].
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3.2.1 Plasma enhanced chemical vapor deposition

The growth mechanisms of a-Si:H and pc-Si:H are described in the Sections 3.1.1
and in 3.1.2. In the PECVD process, the decomposition of the gases occurs in a glow
discharge process excited by an electrical field in vacuum at a pressure of, typically,
1 mbar [122].

Deposition system

The PECVD process was performed in a six-chamber PECVD system (manufactured
by the MRG Inc., Denver) shown in Fig. 3.5. Substrates of a maximum size of
10x10 cm? can be loaded (wia the load lock) into the system and transferred (in the
transfer locks) between six deposition process chambers, as illustrated in Fig. 3.6.

Fig. 3.5 Photograph of the PECVD system used to process the thin film
silicon layers and solar cells. The system consists of six chambers used for
different doped and undoped deposition processes.

Each process chamber was only used for the deposition of a particular type of
thin film layer, thus, p-, i-, and n-layers are deposited in different chambers. This
avoids cross contaminations and residual doping effects and thus, enhances the quality
of the layers and the performance of the solar cells. Furthermore, the reliability and
the reproducibility of the processes are increased. All the chambers are separated
from each other by transfer valves. The substrates are fixed into metal carriers and
are transferred by an automated transfer system of rails and transfer arms. Fig. 3.7
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Fig. 3.6 Schematic outline of the six-Chamber PECVD deposition system used
in this work for the deposition of the silicon thin films and shown in Fig. 3.5.
Each chamber is only used for a certain type of process. The respective p-, i-,
and n-layer processes are indicated. The chambers are connected via evacuated
transfer locks and load locks to transfer the substrate, using the transport
system. This system allows to move the substrate between the process chambers
without breaking the vacuum. The transfer valves separate the chambers from
each other. The chamber designated for electron spin resonance (ESR) sample
preparation was not used in this work.

shows a schematic drawing of a deposition chamber. Further details on the design
and operation principle of the 6-chamber system components can be found in the
Refs. [116,123].

In the process chamber the substrate is fixed in face down configuration and
grounded by the rails. The substrate temperature T, was solely controlled by adjusting
the heater temperature, which is attached only a few millimeters above the substrate
and thus, indirectly heats the substrate due to radiation. In order to correlate T to
the heater temperature, calibration measurements have been conducted by means of
a pyrometer [98]. In this work 7y was varied between 70 °C and 250 °C and it was
found that a waiting time of 30 minutes in the respective chamber is necessary to
heat up or cool down the substrate to the required temperature.

The electrode plate is powered by an RF-generator (or an VHF-generator) and
is placed below the substrate, which acts as counter electrode. Both electrodes are
separated by a fixed electrode distance. The power produced by the RF-generator is
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Fig. 3.7 Principle design of the process chambers in the 6-chamber system for
the preparation of silicon thin films. Except from the electrode distance, all the
process chambers have the same construction. Capacitive plasma excitation
between the powered and grounded electrode is provided by an RF-field. The
picture is not drawn to scale.

capacitively coupled to the electrode via a matchbox, which consists of an inductive
coil (L) and two variable capacitors (C1, C2). Their capacities are manually adjusted
such that the impedance of the matchbox matches the impedance of the plasma and
the deposition system components. Also the RF power from the generators needs to
be adjusted manually, whereas the transport system, the valves, and the deposition
parameters, such as gas flows, heater temperature, deposition pressure, are controlled
by a computer based system.

Deposition parameters

In the present work, an alternating electrical field at radio frequency (RF = 13.56 MHz)
or very high frequency (VHF = 94.7 MHz) was used. For the deposition of the
intrinsic absorber layers, silane (SiH,) and hydrogen (Hz) were used as process gases.
To dope the p-type material, gas containing boron (trimethylboron; TMB) or, for
n-type doping, gas containing phosphorus (phosphine; PHj3) was used. Alloying of
the doped layers was achieved by adding additional process gases. For instance,
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to widen the optical gap and enhancing the transparency of the first p-type layer
in a pin cell structure, carbon was incorporated by adding methane (CHy) to the
SiHy, Hy, TMB gas mixture. n-type microcrystalline silicon oxide (uc-SiO,:H) layers,
which serve as intermediate reflectors or back contact layer [124,125], were deposited
by adding carbon dioxide (CO3) to the SiHy, Hy, PH3 gas mixture. The deposition
parameters used for the preparation of the intrinsic and doped silicon thin film
layers are summarised in Table 3.1. For the dopant source, 2 % PHjz in SiHy or 1 %
trimethylboron B(CH3); (TMB) diluted in helium (He) was used. In Table 3.1, the
dopant gas flows refer to the PH; flow and TMB flow as net flow of dopant gas only
(excluding the dilution gas) [122]. SiH and Hy have a purity of 99.9999 % (6.0).
Other gases, e.g. CHy, CO,, and PH3 have a purity of 5.5, 4.6, and 5.0, respectively.

Table 3.1 Deposition parameters of the individual thin film silicon layers used
in the present work unless otherwise stated.

Plasma Plasma  Electrode Deposition SiHy H, CHy He CO,  Dopant

Layer power excitation  distance pressure flow flow flow flow flow  gas flow
density  frequency
[mW /cm?] [MHz] [mm] [mbar] [scem]  [scem] [scem]  [scem]  [scem]  [scem]
p-type
a-SiC:H 18 13.56 20 1.05 12 110 10 11.8 - 0.12
pe-Si:H 60< 94.7 20 0.4 1.5 200 - 2 - 0.02
n-type
a-Si:H 18 13.56 20 0.67 84 - - - - 1.2
pe-Si:H 150 13.56 20 4 1 200 - - - 0.02
pe-SiO:H 150 13.56 20 4 1 200 - - 0.75 0.02
pe-SiO¢:H (IR) 150 13.56 20 4 1 501 - - 2 0.08
intrinsic
a-Si:H 15 13.56 12 4 10, 4 90, 96

pe-Si:H 120 94.7 12 1.5 4.0-6.0 98
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3.2.2 Solar cell preparation

So far, the deposition process of silicon thin films was described. Now, the steps for
the fabrications of solar cells will be given. First, the substrate on which the silicon
thin films are deposited has to be chosen. In this work, glass substrates were used
for the investigation of single layers. The solar cells were deposited onto two types of
substrates, each coated with a different kind of transparent conductive oxide:

e "Corning” glass: 1.1 mm thick Corning type Eagle glass substrates coated
with a thin SiO, layer for the deposition of single silicon layers for material
investigation. The substrates were cleaned by DeContam and in an ultrasonic
bath for about two hours to ensure a residue-free surface. Subsequently, they
were rinsed with deionised water and dried by a spin dryer. Subsequently, 10 nm
of Si0y was deposited by electron beam evaporation, to prevent peeling-off of
the silicon layers.

e "Asahi (VU)™ SnOy:F with a pyramidal structure coated on 3.2 mm thick
white glass, which is glass with a low iron content (Asahi type "VU?”). This
type of substrate was used for a-Si:H single junction for a-Si:H/a-Si:H tandem
junction and for a-Si:H/a-Si:H/uc-Si:H triple junction solar cells.

e 7ZnO:Al: sputtered and subsequently HCI etched ZnO:Al on 1.1 mm thick glass
from Corning type Eagle [126,127]. This type of substrate was used for uc-Si:H
single junction, for a-Si:H/pc-Si:H tandem junction, for a-Si:H/uc-Si:H/pc-Si:H
triple junction and for quadruple solar cells.

After the deposition of the silicon layers, a ZnO:Al/Ag reflecting rear contact was
deposited [128]. The ZnO layer is aluminium doped and sputtered from a ceramic
target with 1 wt.% Al,O3 with a thickness of 70 nm over the whole 10x10 cm?
substrate area. The Ag pads and grids were deposited by thermal evaporation through
a shadow mask defining the individual active cell areas of 1 cm?. The thickness of the
Ag layers was varied between 300 nm and 700 nm in this work. Uncovered ZnO:Al
was etched off by using a 0.25 % HCl-solution. The sample preparation was finished
by an annealing step at 160 °C for about 30 minutes at ambient atmosphere. For
some selected solar cells, an antireflection foil from the Solarexcel company (now a
part of DSM Advanced Surfaces) is used on the light incident side of the solar cell
glass substrate to reduce optical losses [129].
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3.3 Characterisation of thin film silicon absorber
layers

This section addresses the measurement techniques used to investigate the structural,
optical and electronic properties of single a-Si:H and pc-Si:H absorber layers.

Film thickness

The thickness of the deposited films was measured by means of a DEKTAK 3030
profilometer. After the deposition, two adjacent stripes were ablated by means
of a laser [130]. The wavelength of the laser was chosen in a way that only the
silicon film is removed, so that the substrate remains unchanged. The fine tip of
the profilometer moves over the sample surface and the engraved stripes and the
instrument simultaneously displays the height profile. The difference between surface
and bottom of the cavity gives the silicon thickness. The deposition rate was then
acquired by dividing the measured thickness by the deposition time.

Raman spectroscopy

The crystalline volume fraction of the pc-Si:H absorber layers was probed using
Raman spectroscopy. The method is based on the inelastic scattering of photons
with molecules or atoms in the lattice. Monochromatic light from a laser is focused
onto the sample and a certain fraction of this light interacts inelastically with the
lattice, i.e. photons are partly emitted or absorbed. The spectrum of inelastically
scattered photons contains information about the material and structure specific
lattice oscillation energy. Ref. [131] is recommended for further readings. The ratio
of integrated intensities attributed to crystalline and amorphous regions,

RS Ie

1> = L , (3.2)
was used as semi-quantitative value of the crystalline volume fraction [105]. A
detailed description on the determination of the crystalline silicon volume ratio from
Raman measurements can be found in Ref. [132]. Samples were characterised either
by a laser beam (A = 532 nm) directed on the as-produced sample, or, for selected
samples, the Raman intensity ratio depth profile of the structure of the intrinsic
absorber layer along the growth axis was determined by a gradient etching method
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(A = 488 nm) [133,134]. Here, Raman scattering measurements were carried out on
slantwise etched craters through the solar cell structure.

Infrared spectroscopy

Infrared (IR) spectroscopy was used to evaluate the hydrogen content cy in the
intrinsic a-Si:H absorber layers. The technique enables to detect IR active bonding
configurations and molecules in a material. Incident light causes oscillations of the
chemical bonds or molecules and is absorbed at a characteristic wavelength due
to excitation of electric dipoles in the material. The oscillation frequencies of the
induced molecular vibrations give information on the bonding structure and its close
environments, as they are proportional to the bonding and the dielectric constant.

An IR transmission spectrum was measured between 400 and 2400 cm™*

using a
Nicolet 5700 Fourier transform infrared (FTIR) spectrometer. This spectrum was
normalised to the spectrum of the crystalline silicon wafer substrate, which is mostly
transparent for infrared radiation. The Fourier transformation and translation into
absorption was done by the OMNIC software on the measuring computer. To avoid
absorption by other compounds, the measurement chamber was purged with nitrogen
during the recording of the spectrum for the sample and the silicon wafer reference.
A more detailed description of the evaluation of the hydrogen content is given in

Ref. [98].

Photothermal deflection spectroscopy

Photothermal deflection spectroscopy (PDS) was performed to measure the spectral
optical absorption of the intrinsic a-Si:H layers. From these spectra the gap energy
Ey, with a PDS absorption coefficient of 10* cm™" was extracted, which served as
an estimate for the optical gap of silicon layers in this work. The measurement
setup consists of a cavity filled with an optically transparent carbon tetrachloride
CCl, fluid surrounding the sample. The CCly fluid has a strong temperature-
dependent refractive index [135]. Upon illumination with a monochromatic light in
the wavelength range between 310 nm (halogen lamp) and 2600 nm (high pressure
xenon lamp) the absorption of light induces a heating of the a-Si:H layer, as no
charge carriers are extracted. Consequently, a refractive index profile is present near
the surface of the sample, which depends on the amount of the monochromatic light
that is absorbed. The difference in the refractive index is detected by the deflection
of a passing laser beam. The deflection can then be translated into the absorption
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coefficient a,ps. The measurement error is assumed to be below 10 %. A typical
setup and more detailed evaluation procedure for the calculation of aps by means of
PDS can be found elsewhere [136, 137].

Optical photometry

The spectral reflectance of the solar cells were obtained from measurements using a
calibrated spectrometer (Perkin Elmer LAMBDA 950) with a spectral band width of
250 nm to 2500 nm. In this work the wavelength range between 300 nm to 1200 nm
was investigated. For the reflectance measurement, the sample is positioned on the
opposite side of the optical entrance. To include scattered light, an integrated sphere
with highly reflective and diffuse coating is installed. More details on the employed
set-up and the measurement technique can be found in Ref. [138].

3.4 Characterisation of solar cells

In this section the characterisation methods to acquire the relevant photovoltaic
parameters are described. In this work, the solar cell performance was evaluated
by means of illuminated current density-voltage measurements and by spectrally
resolved quantum efficiency measurements.

3.4.1 Photovoltaic parameters

The parameters used to evaluate the photovoltaic performance of a solar cell are
the conversion efficiency npy, the open-circuit voltage Voc (j = 0 mA/cm?), the
short-circuit current density Jsc (V' = 0 V), the fill factor FF, all of which can
be derived from the illuminated current density-voltage (j-V') characteristics, as
depicted in Fig. 3.8.

The j-V characteristic of a solar cell, as exemplarily shown in Fig. 3.8, can be
approximated by the superposition of the j-V curves of a diode in the dark and the
generated photocurrent density jonoto [139]. The photogeneration of charge carriers
results in a shift of the j-V curve into the fourth quadrant and the photocurrent
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Fig. 3.8 Illuminated current density-voltage (j-V') characteristic of a solar cell
(black curve), indicating the maximum power point (MPP), Jsc, Voc, Vupp,
Jwupp, and the derivation of FF.

density jphoto adds to the dark current of an ideal diode jgiode so that the diode
equation changes to

qV:iiode
j = jO € kKT — 1| - jphoto 5 (33)

where jg is the dark saturation current, Vgqe the voltage of the diode, T the
temperature, k as the Boltzmann factor, and ¢ the elementary charge. At any point
of the j-V curve in the fourth quadrant the power density P delivered by the solar
cell is defined by the product of 5 and V. The maximum power point MPP is
the point where P of the solar cell reaches its maximum, with the corresponding
current density Jypp and voltage Vypp. The fill factor FF' is defined as the ratio
of the blue rectangle with the dashed border in Fig. 3.8, i.e. as the quotient of
(Jmpp - Vuer) / (Jsc - Voc). The most important parameter to characterise a solar
cell is the solar energy conversion efficiency 7, which is defined as the ratio between
the maximum power provided by the solar cell and the power of the incident light,
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and can be calculated via

_ Jupp - Vupp _ Jsc - Voo - FF (3.4)
nev P 2 , .

with P as the total integrated power input density (AM 1.5G, 100 mW /cm?). The
slopes of the j-V characteristic under illumination at j = 0 and V' = 0 are a measure
for the shunt (Ry,) and parallel resistance (R),) of the solar cell, respectively.

The j-V characteristics of solar cells are measured in this work by means of a
class A double source Air-Mass (AM)1.5 solar simulator (WACOM-WXS-140S-Super)
at standard test conditions (AM1.5G, 100 mW /cm?, 25 °C). The solar cells were
mounted on a copper block, which was connected to an electrical heating and water
cooling system to ensure a good temperature control (= 1 °C). The j-V measurements
were carried out by a computer-controlled voltage source with the possibility to
measure the current response (SMU 238, Keithley).

3.4.2 Quantum efficiency

The spectrally resolved quantum efficiency (Q£) describes the percentage of electron-
hole pairs created upon the absorption of a photon in the solar cell that contribute
to the extracted photocurrent. Thus, the technique provides detailed insights into
the optical absorption and carrier extraction in solar cells. The quantum efficiency is
defined as

jph(A)

QE() =~ 20 . (3.5)

Eq. 3.5 describes the QF as the ratio between the photocurrent density jon (as a
measure for the number of collected charge carriers) and the number of photons that
impinge the solar cell perpendicularly, given by e - ®()), with e as the elementary
charge and ®(\) as the quantum flux per time and unit area for a certain wavelength
A. In this work, only the external quantum efficiency was considered, for which the
total incident light is taken into account. The internal quantum efficiency, on the
contrary, would take into account only the incoupled light, excluding the reflected
part.

For the determination of the (external) quantum efficiency, the spectral response
S(A) is measured by means of the Differential Spectral Response (DSR) method. A
detailed description of the experimental DSR setup used in this work is given in
Ref. [140]. The spectral response is defined as the ratio of the generated photocurrent
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density jon(A) to the irradiance Eyy, (A\) which reaches the solar cell. Using a reference
photodiode with a known spectral response S(A), the photocurrent density jpn(\)
of the solar cell can be derived. The quantum efficiency is then calculated by
QE(N) = S(A\)hc/eX.

In this work, the QF measurements of the multijunction solar cells were con-
ducted using a monochromator in a wavelength range between 300 nm to 1100 nm.
Individual sub cell QFs of the tandem, triple, and quadruple cells were separately
determined using LEDs and a spectrally filtered bias light from a tungsten lamp. Bias
light intensities of approximately 1 mW /cm? were used to saturate the respective
sub cells, while the intensity of the probing light was around 1000 times lower. The
individual sub cell photocurrent densities Jqg are calculated from the integration of
the QF over the corresponding wavelength range:

Aend
A / QENDNAA . (3.6)
Astart
The wavelengths used in this work for the saturation of the multijunction sub cells
are presented in Table 3.2.
Table 3.2 Overview of the used light wavelengths for the saturation of the

individual sub cells in tandem, triple and quadruple junction solar cells for the
QF evaluation.

Cell Top Middle Middle Bottom
type cell cell 1 cell2 cell

a-Si:H/pc-Si:H 695 nm - - 450 nm

a-Si:-H/a-Si:H 695 nm - - 450 nm

a-Si:H/puc-Si:-H/ pe-Si:H 695 nm 765 nm and - 525 nm
470 nm

a-Si:H/a-Si:H/puc-Si:H 590 nm 780 nm and - 525 nm
400 nm

a-Si:H/a-Si:H/puc-Si:H/pe-Si:H - 590 nm 780 nm and 525 nm and 625 nm
400 nm 830 nm
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As an example, for the a-Si:H/puc-Si:H/puc-Si:H triple cell, light with 695 nm
wavelength was used for the saturation of the middle and bottom cell assuring that
the top cell, which photocurrent is intended to be measured, limits the current of the
whole device. For the measurement of the bottom cell, light of 525 nm wavelength
was used to saturate the top and the middle cell. In the case of the middle cell QF
measurement, the top cell was saturated with a 470 nm light and the bottom cell
was saturated with 765 nm light.






4 Characterisation and modeling of
photovoltaic-electrochemical
devices

A considerable number of device configurations for light induced wa-
ter splitting has been proposed in literature over the last several years.
Recently, special attention has been devoted to integrated photovoltaic-
electrochemical devices based on thin film silicon solar cells. Even though
1II-V semiconductor based devices still provide the highest efficiencies in
terms of bias-free water splitting, thin film silicon based PV-EC devices of-
fer important advantages in terms of low-cost production, earth-abundance
and, as will be shown in this work, adaptability of the photovoltaic pa-
rameters to the specific requirements of photoelectrochemical systems.
Therefore, Section 4.1 of this chapter is concerned with the characteris-
tics of PV-EC devices based on thin film silicon, also in comparison to
other types of water splitting devices. The working principle of the herein
developed PV-EC devices was highlighted in Section 2.3.4, including the
specific function description of its main device components: the solar
cell, the HER and OER catalyst, respectively, and the electrolyte. In
Section 4.2 of this chapter, the experimental setup and the measurement
techniques used to characterise the complete PV-EC device are described.
Section 4.3 deals with the modeling of the PV-EC device characteristics,
which is presented by means of a series circuit model approach. Coupled
therewith, the current density-voltage characteristics of a solar cell and a
PV-EC device are compared. The last part of this chapter gives a short
overview on the solar-to-hydrogen efficiency calculation methods.

4.1 Overview on photovoltaic-electrochemical devices

Photoelectrolysis of water by semiconductor based devices represents a prominent
route that raised increasing interest among research groups worldwide [12, 141].
Among state-of-the-art solar fuel generators, integrated PV-EC devices, also called
PV-biased electrosynthetic cells [86], based on multijunction III-V semiconductor
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structures provide the highest solar-to-hydrogen (STH) efficiencies up to 18.3 % [27—
29]. The widespread use of III-V semiconductors for water splitting applications is
however still hampered by stability issues and cost limitations.

Although not as efficient, thin film silicon based PV-EC devices, which have
been explored over the last 20 years, have established their position as emergent
platform for the development of integrated water splitting devices and the study of
various reactor designs [87,142-144]. This has been possible, in particular, thanks to
the ability to provide high photovoltages in multijunction structures. Furthermore,
the thin film silicon device concept allows to fabricate monolithic cells that can be
integrated in a compact water splitting device. Other studies, in contrast, use module
connections of several solar cells, e.g. copper indium gallium selenide (CIGS) [145],
crystalline silicon [146], or perovskite solar cells [147] to provide the sufficient voltage
to run the HER and OER, respectively, without an external bias.

Even though the achieved STH efficiencies in module based water splitting
devices are remarkable [32], the multijunction thin film silicon concept offers several
advantages compared to series connected solar cells: usually the series connection
requires an additional processing step (laser scribing or solar tabbing wire connec-
tion) compared to the monolithic multijunction solar cell fabrication process, which
becomes particularly relevant in industrial applications. Additionally, series con-
nected cells cannot be adjusted precisely with respect to the specifically demanded
photovoltage of the complete system, which varies with the overpotentials of the
employed catalysts for the HER and OER. Considering that the photocurrent at
the respective required voltage determines the STH efficiency (see Section 4.4), the
photovoltage/photocurrent tradeoff has prevented higher STH efficiencies so far. In
crystalline silicon solar cells, for instance, the photovoltage can be adjusted only in
large steps of approx. 600 mV by connecting several cells in series. However, in such a
case, the increase in voltage is accompanied by a significant decrease in photocurrent
and device efficiency (if the active solar cell area remains unchanged). The same,
however, also applies to multijunction solar cells made merely of amorphous silicon
alloys (a-Si:H and a-Si:Ge:H), which have been applied for unbiased solar water
splitting by Delahoy et al. [148] and Khaselev et al. [28], for instance. Therefore, it
is crucial to develop solar cells with the ability to tune the photovoltage not only in
large but also in small steps in order to fulfill the particular requirements of various
PV-EC systems. At the same time a change in the photovoltage should ideally not
impair the device efficiency.

This task can be performed by monolithic multijunction solar cells made of thin
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films of amorphous (a-Si:H) and microcrystalline (uc-Si:H) silicon. Combinations of
a-Si:H and uc-Si:H allow for a more precise adjustment of the PV parameters and
suffer less from stability issues under prolonged illumination (Staebler-Wronski effect)
compared to their all-amorphous counterparts, as will be presented in Chapter 5.

4.2 Photoelectrochemical measurements

4.2.1 Measurement setup

The setup of the photoelectrochemical measurement cell is shown in Fig. 4.1 and
consists of a polytetrafluoroethylene (PTFE) cell body and three electrodes:

e a working electrode (photocathode),
e a counter electrode (anode), and

e a Ag|AgClreference electrode in 3 M potassium chloride (KC1) [0.268 V vs. stan-
dard hydrogen electrode (SHE)].

The potential of the working electrode was controlled by a Gamry Reference 600 (C3,
Haar, Germany) potentiostat/galvanostat. Impedance spectra can be measured in
the frequency range between 10 pHz and 1 MHz with a minimum voltage and current
resolution of 1 ¢V and 20 aA, respectively. The accuracy of the measured potential
and current are £0.3 % of the selected ranges. Electrolytes were prepared from
ultrapure deionised water (18 M€, Millipore, Schwalbach, Germany) and analytical
grade chemicals. For the determination of pH values and conductivities of the
electrolyte solutions an inoLab Level 3 measuring system (WTW GmbH and Co.
KG, Weilheim, Germany) was used. The accuracy is specified to be below £0.5 %.

In the measurement setup, shown in Fig. 4.1, the photocathode is fixed by a
bolt-on metal plate, which has an optical aperture of 0.5 cm? for the illumination of
the photocathode. The aperture was chosen to be compatible with the standard solar
cell geometry at IEK-5. The photocathode/electrolyte contact area was defined by an
O-ring sealing aperture and was also 0.5 cm?. For the OER catalyst, a RuO, coated
titanium sheet was employed as anode (15 g/m? RuQ,, 3 cm? active area, supplied
by Metakem). Photocathode and anode were separated by a distance of 2 cm. The
reservoir of the measurement cell has a volume of approx. 30 ml for the electrolyte. No
stirring of the electrolyte was involved during the photoelectrochemical measurements
as it requires an additional energy input and would have to be factored in the STH
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Fig. 4.1 Photograph of the PV-EC cell used in this work to characterise the
PV-EC devices. The setup consists of a Teflon cell body and three electrodes:
a working electrode (multijunction photocathode), a counter electrode and a
Ag|AgCl reference electrode in 3 M potassium chloride (CH instruments, Inc.,
Austin, TX, USA). The photocathode is fixed in between the cell body and a
metal plate, to which it is electrically contacted. The metal plate is connected
with the potentiostat and has an 0.5 cm? optical aperture for illumination of
the photocathode.

efficiency calculation. White light photocurrent measurements were performed under
simulated AM 1.5 solar illumination (100 mW /cm?) using an Oriel LCS-100 solar
simulator (model 94011A). Electrical contact between the TCO coated glass substrate,
i.e. the front contact of the solar cell and the metal plate, was made by a silver paste.
The metal plate was then connected to the potentiostat.

4.2.2 Electrochemical methods

The electrochemical measurement methods which were conducted in this work are
briefly discussed in the following. A more detailed insight in the most common
electrochemical methods is given in Ref. [58].
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Potentiostatic measurement

During the potentiostatic measurements a constant potential or voltage is imposed on
the working electrode for a specific time period and the current density is measured
over time. In this work, potentiostatic measurements were used to evaluate the
stability of the photoelectrochemical devices.

Linear sweep voltammetry

The potential can be varied in different ways. It depends on the analytical method,
whether potential steps or linear sweeps are applied. In this work the linear sweep
technique will be preferred. This technique consists on applying an external potential
to the WE, which is linearly scanned with a particular scan rate v (in mV/s), and
measuring the resulting current density. The resulting j-V characteristics are called
voltammograms.

Three-electrode vs. two-electrode measurement

In this work both, the three-electrode and the two-electrode configuration were
applied to examine the performance of the photoelectrochemical devices. Therefore,
it is important to elucidate the differences between both measurements and to
comprehend the information that each measurement provides. With the PV-EC
setup, shown in Fig. 4.1, three- and two-electrode measurements can be conducted.

In the three-electrode configuration, schematically depicted in Fig. 4.2(a), the
potential of the working electrode (WE), i.e. the photocathode, is referred to
an Ag|AgCl reference electrode (RE) and therefore the potential of the WE is
measured with respect to that of this specific RE, which has a fixed constant
potential ("potential £ [V vs. Ag|AgCl]”). For standardisation the potential is also
usually referred to that of the RHE ("potential E [V vs. RHE]”, see Eq. 2.8 in
Section 2.2.2). To obtain a current density-voltage curve of the photocathode, the
potential versus the RE is scanned and the current monitored as a function of this
potential scan. In order to maintain a constant potential, no current should flow
through the RE. The performance of the counter electrode (CE) is usually not of
importance. Its role is to sustain the balance of charge carriers (electrons) for the
HER reaction at the WE. Three-electrode measurements therefore only show the
WE performance and ignore any polarisation that might occur at the CE [149]. The
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distance between the WE and the RE is kept as small as possible to minimise the
ohmic potential drop between them. Furthermore, WE and CE should be aligned
plane-parallel to avoid inhomogeneous current distribution, and the CE should be of
sufficient size such that it is not limiting the total current.

The two-electrode configuration, shown in Fig. 4.2(b), consists only of two
electrodes, namely the WE and the CE, while the RE is not needed. Hence, the
potential /voltage of the WE (photocathode) is measured with respect to the CE
(anode, e.g. RuQOj). To clarify that the measurements is conducted with two
electrodes, the voltage can be labeled as "PV-EC voltage V vs. RuOs [V]”, for
instance. In contrast to the three-electrode measurement, the CE potential is not
constant, but a function of the current density (overpotential) and the local pH and
concentration of dissolved Os gas. This technique therefore allows to evaluate the
performance of the complete PV-EC device and is equivalent to the photovoltaic j-V
measurement described in Section 3.4.1.

In Fig. 4.2(c) and (d) the differences in the j-V characteristics measured in a
three- and in a two-electrode configuration for an a-Si:H/a-Si:H and an a-Si:H/pc-Si:-H
tandem junction based photocathode become apparent. Apart from the nomenclature
differences ("potential” in a three-electrode and "voltage” in a two-electrode setup),
distinct changes in the onset potentials for cathodic current F .t appear, which
was taken as the value at a photocurrent density of -0.5 mA /em? in this work (see
Fig. 4.2(c) and (d)). In the three-electrode setup the measured potential of the
photocathode (WE) is independent of the potential losses at the CE, and thus, this
technique allows to evaluate the performance of the photocathode without being
distracted by the anode. In contrast, the two-electrode measurement monitors the j-V
behavior of the complete PV-EC device and accounts for the losses at both PV-EC
electrodes. Consequently, Fonset 18 shifted in positive bias direction (anodic direction)
in the two-electrode measurement (see Fig. 4.2(c)) compared to the three-electrode
measurement (see Fig. 4.2(d)). Nevertheless, from the two-electrode measurement a
STH efficiency of the complete PV-EC device can be estimated based on the current
density at 0 V applied bias (operation photocurrent density j,,) multiplied by the
value of 1.23 [7] (see right ordinate in Fig. 4.2(d)). The STH efficiency calculation
will be discussed in more detail in Section 4.4. The three-electrode measurement
does not provide a device efficiency, but rather a photocathode efficiency.

From Fig. 4.2(c) and (d) it can be seen that the saturation photocurrent densi-
ties of the curves remained nearly the same in the three- and in the two-electrode
measurement. This is because the illumination was the same in both configurations.
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Fig. 4.2 Schematic drawing of a tandem junction based photocathode in a
three-electrode (a) and in a two-electrode setup (b), respectively. In the three-
electrode setup the reference electrode (RE) is positioned close to the working
electrode (WE, photocathode). In the two-electrode setup only the WE and
the CE are employed as electrodes. The corresponding voltammograms for the
three-electrode setup (c) and for the two-electrode setup (d) are placed below
the corresponding schematic drawing. In the three-electrode measurement the
WE potential is measured with respect to the Ag|AgCl RE or with respect
to the RHE (see Section 2.2.2). In the two-electrode setup the PV-EC device
voltage is measured with respect to the CE (e.g. RuOz2). The right ordinate
in (d) depicts the achievable STH efficiency as a function of the photocurrent
density at 0 V applied bias (operation point of PV-EC device). The onset
potential for cathodic current Fopset, the scan rate, and the used electrolyte
solution are indicated in (c¢) and (d), respectively.
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The "fill factor™ of the curves measured in the three-electrode configuration, however,
are better than for the curves measured in the two-electrode configuration. This can
be explained by the fact that the distance between the WE and the RE was kept as
small as possible (less than 0.5 cm), whereas the distance between the WE and the CE
in the two-electrode configuration was higher and is at approx. 2 cm (conditioned by
the device geometry). In fact, the electrolyte imposes an additional series resistance
for the PV-EC system, and thus, smaller electrolyte distances promote improved "fill
factors” of the devices. The effects of the electrolyte resistance and other factors on
the performance of PV-EC devices were investigated in more detail by means of a
series circuit model in Section 4.3.

Electrochemical impedance spectroscopy

In this work, electrochemical impedance spectroscopy (EIS) measurements were
carried out to determine the electrolyte resistance. The EIS experiments were
performed in a three-electrode setup by applying an AC amplitude of 10 mV in a
frequency range between 10 kHz and 0.1 Hz superimposed over a DC potential of
interest.

4.3 Device modeling

In the PV-EC device, as presented in Section 2.3.4, the main components, namely
the solar cell, the catalyst for the HER, the electrolyte, and the catalyst for the
OER are electrically arranged in series. Thus, the current density-voltage character-
istics of the PV-EC device can be modelled by merging the current density-voltage
characteristics of the catalyst material with the PV characteristics of the solar cell.
Similar photoelectrochemical device modeling approaches have been shown else-
where [150-152]. The advantage of the semi-empirical approach presented here is
the flexibility to use experimental and literature based modeled data in concert for
the device modeling [153, 154].

IFor the PV-EC devices, the fill factor value is usually not calculated like in the PV measurements
and does not directly enter the STH efficiency calculation (see Section 4.4). The term "fill factor”
is rather used to describe the shape of the PV-EC j-V curves, which can significantly affect the
Jop»> and thus, the STH efficiency.
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4.3.1 Series circuit model

The model underlying series connection of the PV-EC device components is shown
in the equivalent circuit in Fig. 4.3. In the PV-EC device the photocurrent density
Jphoto 18 generated by the solar cell (photovoltaic cell). The parallel and the shunt
resistances of the photovoltaic cell are denoted by R, and by Rs, respectively. The
electrochemical load of the PV-EC system is represented by the series connected
electrolysis cell, including the current-dependent overpotentials for the HER and
OER catalysts, nuer(j) and nogr(j) respectively, and the electrolyte ohmic drop jR.

photovoltaic cell electrolysis cell

S &
< £
g o & £
§ & & 9
\_‘l
RS
T+
i Nrer
jphotoCT _! Rp PV jR-dI'Op
Noer
4
photovoltaic cell electrochemical

load

Fig. 4.3 Schematic drawing of a tandem junction based PV-EC device with
its photovoltaic and electrochemical components. Below, the equivalent circuit
used to model the PV-EC device is depicted. The photovoltaic cell is connected
in series with the electrolysis cell, which represents the electrochemical load
of this device, including the current-dependent overpotentials for the HER
and OER, nurr(j) and norr(j) respectively, and the electrolyte ohmic drop
jR. The photocurrent density jphoto is generated by the photovoltaic cell. The
parallel and the shunt resistances of the photovoltaic cell are denoted by R,
and by Rjg, respectively.
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Mathematically the series-connected photovoltaic-electrochemical coupling can
be written as:

Vevec(J) = Vev(j) — AE — noer(—J) + nuer(j) +jR : (4.1)

where Vpy(j) is the current density-voltage measurement of the solar cell and
AFE = 1.23 eV is the thermodynamic potential difference required in order to split
H,0 into Hy and Oy at 25 °C. nogr(j) denotes the current-dependent overpotential
at the anode and npgr(J) denotes the current-dependent overpotential of the cathode.
In order to take the different sign of the anodic current for the anode into account,
the corresponding three-electrode measurement has to be mirrored at the potential
axis, i.e. subtracted in Eq. 4.1.

4.3.2 Input parameters

The input parameters of the series circuit model are basically the current density-
voltage data of the PV-EC device components. In this work, the j-V data of the
solar cell Vpy(j) are experimentally determined by illuminated j-V measurements
(see Section 3.4.1). The electrolyte resistance R was measured by means of impedance
spectroscopy. The j-V data of the HER and OER catalysts can either be measured
experimentally, or modeled by the Tafel equation relationship (see Eq.2.14 in Sec-
tion 2.2) using literature data for the Tafel slope b and the exchange current density
jo- The corresponding literature data of various catalyst materials are listed in
Table 6.3 in Section 6.4. Fig. 4.4 shows the current density-voltage measurements of
the four PV-EC circuit components.

As example, an a-Si:H/a-Si:H tandem junction cell (see cell 130/130 in Table 5.3)
was chosen as solar cell and the catalysts for the HER and the OER were Ni and RuO,
coated electrodes, respectively, whose j-V characteristics were modeled by using
literature data. A 0.1 M KOH solution was taken as electrolyte, with a resistance of
50 Q. The hereout modeled current density-voltage characteristic Vpy.gc(j) of the
PV-EV device, based on Eq. 4.1, is also plotted in Fig. 4.4.2

The illustration allows to draw the comparison between PV and PV-EC char-
acteristics. As apparent from Fig. 4.4, the Vpy(j) and Vpy.gc(j) curves differ, in
particular the open-circuit voltages and the fill factors”. As already briefly discussed,

2Note that the model can also be used to calculate the voltammogramm of a three-electrode
measurement. In this case, only the nogr(j) and the AE term have to be removed from Eq. 4.1.
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Fig. 4.4 Current density-voltage characteristics of the main four circuit com-
ponents of the PV-EC device: j-V measurement of the solar cell (Vpv(j),
orange curve), modeled voltammogram of the RuO2 anode in a 0.1 M H2SO4
solution with the associated nogr(—j) (red curve), modeled voltammogram
of the Ni HER catalyst layer in a 0.1 M KOH solution with the associated
noer(j) (light blue curve), and the resistance of the 0.1 M KOH electrolyte
(jR, dark blue line). The voltammogram of the PV-EC device (Vpy.pc(j),
green curve) was computed via on Eq. 4.1.

the reduced "fill factors” are caused by the electrolyte resistance. The flattening of the
Vpv.ec(j) curve at open-circuit condition results from the Butler-Volmer electrode
kinetics (see Section 2.2.3). At V = Vi the flatband potential Vg, is reached. Here,
charge carriers from the photocathode (electrons) have no available reduction states
in the electrolyte, i.e. they cannot reduce H ions and thus, no current can flow.
Only by applying a large positive voltage V > V4, the photoelectrode can inject
charge carriers (holes) into the oxidation states of the electrolyte. The photocathode
would then become an anode and exhibit a positive anodic current.

Electrolyte resistance

In the following, the effects of the electrolyte resistance on the Vpy.gc(j) voltam-
mograms will be elucidated by means of the series circuit model. The photovoltaic
cell, the HER, and the OER catalyst are kept constant for this investigation. An
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a-Si:H/a-Si:H solar cell was chosen as photovoltaic cell, Pt was employed as HER
catalyst and for the OER catalyst RuO, was taken. In Fig. 4.5(a) the modeled
PV-EC voltammograms for an increasing electrolyte resistances R are shown.
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Fig. 4.5 (a) Modeled current density-voltage curves of the PV-EC device for
increasing electrolyte resistances R. The PV-EC device is composed of an
a-Si:H/a-Si:H solar cell, a Pt HER and a RuOy OER catalyst. The respective b
and jo values are kept constant and can be found in Table 6.3. The electrolyte
resistance is increased from 0 €2 to 200 €2. The j-V curves were computed via
on Eq. 4.1. (b) The solar-to-hydrogen efficiency calculated from the operation
photocurrent densitiy jop of the PV-EC device from (a) as a function of the
KOH electrolyte concentration C. (¢) Corresponding measured resistances R
of KOH electrolyte solutions for different concentrations C. The dotted lines
in (b) and (c) serve as a guide to the eye.

As apparent from Fig. 4.5(a), neither the saturation photocurrent density nor
the onset potential for cathodic current was significantly affected by the electrolyte
resistance. However, the "fill factor” of the j-V curves decreased drastically, in
particular for the high resistance regime (R > 50 2) due to the increased ohmic
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losses in the electrolyte (jR-drop). Thereby, the operation photocurrent density jop,
(at 0 V) decreased considerably from 6.1 mA/cm? for 50  to 2.6 mA /em? for 200 €.
For electrolyte resistances between 50 to 0 €2, however, the effect on j,, and thus, on
the STH efficiency of the PV-EC device was less pronounced (approx. 1 mA /em? and
0.8 % absolute, respectively). This is also apparent from Fig. 4.5(b), which plots the
STH efficiency calculated via Eq. 4.4 versus the KOH electrolyte concentration C®.
The corresponding measured resistances of KOH electrolyte solutions as a function of
the electrolyte concentration can be found in Fig. 4.5(c). From Fig. 4.5(b) it becomes
evident that for the given set-up the STH efficiency did not increase significantly
for concentrations higher than 1 M. Therefore, it is reasonable to use a maximum
electrolyte concentration of 1 M. Higher concentrations induce more severe chemical
stability issues, as will be further discussed in Chapter 6.

Catalyst activity

For the investigation of the effect of the catalyst activity, only the properties (jo
and b) of the HER catalyst were varied in the model, while the catalytic activity of
the OER remained unchanged. First the j, was varied, while b was kept constant
at 30 mV/dec. Fig. 4.6(a) shows the effect on the HER catalyst performance alone
and Fig. 4.6(b) shows the impact on the PV-EC device performance. As electrolyte
resistance 50 € were assumed. It can be observed that the onset potential for cathodic
current for the catalyst (see Fig. 4.6(a)) and for the PV-EC device (see Fig. 4.6(b))
decrease with decreasing exchange current density. The "fill factor” of the curves
is not affected. Consequently, the performance of the PV-EC device decreases as
well.

The second step then was to vary the Tafel slope b, while keeping jy at a constant
value of 1 mA/cm?. Fig. 4.7(a) and (b) display the effect on the HER catalyst alone
and on the PV-EC device voltammograms, respectively.

3Please note that the black square at C' = 2 M in Fig. 4.5(b) does not correspond to 0 2, but
rather to a resistance of approx. 3 {0 (experimentally measured, see Fig. 4.5(c)).
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Fig. 4.6 Modeled current density-voltage curves of the HER catalyst (a) and
of the PV-EC device (b) for a decreasing exchange current density jo via
Eq. 4.1. The respective b value was kept constant at 30 mV/dec. The PV-EC
device is composed of an a-Si:H/a-Si:H solar cell and a RuOg OER catalyst.
An electrolyte resistance of 50 2 was assumed.
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Fig. 4.7 Modeled current density-voltage curves of the HER catalyst (a) and of
the PV-EC device (b) for a decreasing Tafel slope b via Eq. 4.1. The respective
jo value was kept constant at 1 mA /cm?. The PV-EC device is composed of an
a-Si:H/a-Si:H solar cell and a RuO2 OER catalyst. An electrolyte resistance of

50 € was assumed.
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In contrast to the j, value, a change in the b value does not significantly affect the
onset potential for cathodic current (at -0.5 mA/cm?), but the "fill factor” decreases
upon a decrease of b (see Fig. 4.7(a)). However, as can be deduced from the Vpy_gc(j)
curves in Fig. 4.7(b), the effect on the PV-EC device performance is rather weak,
compared to the impact of j (see Fig. 4.6(b)).

The results show, that with the presented series circuit model, the photocurrent
density-voltage characteristics of the photovoltaic cell can be used in concert with
the current density-voltage characteristics of the electrochemical components to
predict the current density-voltage behavior of the complete PV-EC device. This
decoupled approach therefore allows to predict the overall PV-EC device efficiency,
and furthermore to evaluate how variations of the specific component characteristics,
e.g. the electrolyte resistance and the catalytic activity, affect the j-V characteristic
of the complete PV-EC device. The validation of the model, based on real case
studies, will be presented in Section 6.3.

4.4 Solar-to-Hydrogen efficiency calculation

The solar-to-hydrogen efficiency is a key metric that facilitates comparison of the
performance between various solar fuel production systems. However, some of the
claimed efficiencies are evaluated either under non-standard conditions (e.g. more
than one sun illumination) or in three-electrode setups. It is important to note that
three-electrode measurements only provide photoelectrode efficiencies and not device
efficiencies. Hence, real STH efficiencies need to be measured in two-electrode setups.
But also for studies dealing with two-electrode measurements, the STH efficiencies
reported in the literature are difficult to compare, because calibrated and certified
efficiency measurements under defined standard conditions are still not ensured for
water splitting devices. Recently attempts to standardise measurement methods,
definitions and reporting protocols are initiated [155,156]. Nevertheless, the most
accurate method to calculate the STH efficiency is to define it in terms of the free
energy stored in the hydrogen [157] as

mol Hy m~2s~! x 237 kJ mol™*

. . . 2 ? (42)
total integrated power input density (W m- )

7STH =

where 237 kJ mol~! denotes the Gibbs free energy and the input power is the incident
light intensity (AM 1.5, 100 mW /cm?). To apply this methodology it is necessary
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to include Hy and Oy gas collection data. This would ensure that only Hy and O,
molecules are involved in the measurements, i.e. that a closed reaction cycle is
measured. However, the used measurement set-up in this work does not allow for a
quantitative evaluation of the gas amounts. An upgrade of the set-up regarding gas
separation and collection was beyond the scope of this work, but is currently under
construction.

Alternatively, the STH efficiency can be expressed as a function of the generated
photocurrent density jo, at 0 V applied bias. In fact, this methodology also requires to
accurately control the gas generation in order to confirm stoichiometric gas evolution
(Hy and O,) in the absence of any sacrificial electron donors or acceptors [157]. If
sacrificial agents are used, it would be invalid to use the term "STH efficiency” or
speak of solar "water splitting”. For instance, the corresponding thermodynamic
potentials for hydrogen decomposition via electrolysis for hydriodic acid (HI) or
hydrobromic acid (HBr) are lower than 1.23 V [158], namely 1.07 V and 0.54 V for
HBr and HI splitting, respectively. Organic molecules such as methanol oxidise even
easier (CH30H/COq, AE = 0.05 V) [159].

Nevertheless, during operation of the PV-EC device the generated photocurrent
density jop can be used to calculate the STH efficiency nsry of the PV-EC device [160]

va .
AL X |.7op‘ X Nr

s = 4.3
BTH = Fotal integrated power input density (43)

Jop is the operating photocurrent density when no bias is applied, and the input power
is the incident light intensity (AM 1.5, 100 mW /cm?). np is the faradaic efficiency
for hydrogen evolution and is a very crucial parameter in Eq.4.3. nr indicates the
ration of the measured photocurrent to the molar H, generation rate. Hence, a 100 %
faradaic efficiency would mean that the measured photocurrent directly corresponds
to the molecular hydrogen generation via proton reduction.

Assumptions of 100 % faradaic efficiency are widely used in the field of photo-
electrochemical water splitting [87,161,162]. Even though this assumption is not
always valid, it provides a consistent method for the comparison of the performance
between various solar fuel production systems. Laboratories, however, should be
advised to use methods for direct identification and quantification of Hy and O to
establish faradaic efficiencies [157]. Considering this, an estimated STH efficiency
MSTH,..,, Under the assumption of unity faradaic efficiency can be defined as

AE X |jop|
total integrated power input density

TS THmax = (4.4)
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NSTH,.. ZlVes an upper bound efficiency and the subscript "max” shall point out the
‘strong’ assumption of a 100 % faradaic efficiency throughout this work.

Nevertheless, in order to validate this assumption, the faradaic efficiency was
estimated by means of a volumetric technique in this work®. To maintain the simplicity
of the demonstration device setup and avoid making separate compartments for
the OER and HER, respectively, the experiment was conducted in a gas tight
photoelectrochemical cell (type Zahner). The evolved gas volume was measured
using an inverted burette to collect the gases during photoelectrochemical water
splitting at a current density of 7 mA/cm? in 0.1 M KOH. As a photocathode, an
a-Si:H/a-Si:H/pc-Si:H triple junction solar cell with a ZnO/Ag/Pt rear contact was
used. Prior to the measurement, the aqueous solution, which was used as a barrier,
was saturated with oxygen by bubbling molecular oxygen through the solution. No
membrane was integrated between the anode and the cathode. Thus, recombination
of hydrogen and oxygen or reduction of oxygen on the photocathode could be an
issue in particular under prolonged operation. The theoretically expected total gas
volume was calculated by combining Faraday’s law of electrolysis with the ideal gas

law

RT

Veo:
th Fpz

Q : (4.5)

Here, R is the ideal gas constant, T' is the absolute temperature, F' is Faraday’s
constant, p is the pressure, z = 4/3 is the number of electrons involved®, and @ is
the charge (integrated photo current). The measurement error was estimated to
be AVineo = £ 0.2 ml. The generated gas volume by the a-Si:H/a-Si:H/puc-Si:H
photocathode over the operation time is shown in Fig. 4.8(a).

The faradaic efficiency nr of the water splitting process is plotted in Fig. 4.8(b) and
was computed as the ratio between measured and theoretically expected total gas
volume as

o Vmeas
%heo

According to first order propagation of error, the uncertainty of the faradaic efficiency

nr (4.6)

was

(4.7)

4The method description and efficiency calculations presented in this section were published in F.
Urbain et al., Energy Environ. Sci. 9 (2016), 145-154 [144] (Supplementary information).

5For the water splitting reaction four electrons are transferred while three units of gas are generated,
giving a z value of 1.33 if the volume refers to the total gas flow.
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Fig. 4.8 (a) Generated volume of gas produced by an a-Si:H/a-Si:H/puc-Si:H
triple junction based photocathode under AM 1.5 solar illumination for two
hours of operation at 7 mA/cm? in 0.1 M KOH. The black line shows the
theoretical gas volume for 100 % faradaic efficiency and the red stars are the
measured data. The measurement error was estimated to be AVipeo = + 0.2 ml.
(b) Evaluated faradaic efficiency over time calculated from the measured gas
volume.

Even though the volumetric measurement data confirms that the assumption of
100 % faradaic efficiency is valid for the PV-EC system, the presented STH efficiencies
in this work shall still be considered as maximum STH efficiency nstr A key
control experiment on the hydrogen generation needs to be performed to prove a 2/1

max *

H, /O, ratio via gas chromatography, for instance. This would ensure that only Hy
and Oy molecules are involved in the measurements, i.e. that really a closed reaction
cycle is measured.



5 High voltage multijunction thin
film silicon solar cells

This chapter reports on the results of the development of high voltage sin-
gle and multijunction solar cells made of amorphous and microcrystalline
silicon for the application as photocathodes in integrated PV-EC devices.
Solar cells made of amorphous and microcrystalline silicon have been
extensively developed in the past, with major focus on high conversion
efficiencies [163]. The approach presented here, however, focuses on the
development of high Voc devices, suitable for water splitting applications.
Therefore, a development route is described to achieve high voltage de-
vices with emphasis on the optimal fabrication parameter regimes for
the intrinsic absorber layers. To start with, the results on the develop-
ment of suitable opto-electronic and structural properties of the intrinsic
amorphous and microcrystalline silicon absorber layers and their imple-
mentation in single junction solar cells are presented (see Sections 5.2
and 5.3). It is shown that the material properties of the individual sub cell
absorber layers can be systematically adjusted such that the photovoltages
of multijunction devices cover a wide range of photovoltages from 1.4 V up
to 2.8 V with photovoltaic efficiencies up to 13.6 % (see Sections 5.4 and
5.5). Furthermore, the effects of prolonged illumination and temperature
variation on the photovoltaic parameters of the multijunction solar cells
are investigated (see Sections 5.6 and 5.7). The different cell types are
evaluated in regard to their potential for water splitting at the end of this
chapter in Section 5.8.

5.1 Experimental details

All thin film silicon layers were deposited by a plasma enhanced chemical vapor
deposition technique in a multi chamber system (for further details see Section 3.2.1).
The deposition parameters, including the gas mixtures used for the deposition of
doped a-Si:H, pc-Si:H and pc-SiOx:H layers can be found in 3.2. For the intrinsic
absorber layers, a mixture of silane (SiH,) and hydrogen (Hy) gases was used. The p-
and n-type layers were all deposited at a substrate temperature of 180 °C and had a
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thickness of 15-30 nm. For the deposition of the intrinsic a-Si:H layers, Ty was varied
between 70 °C and 250 °C. In the single junction solar cells the a-Si:H absorber layers
had a thickness of 400 nm. The respective thicknesses for the a-Si:H and pc-Si:H
layers used in multijunction configurations are indicated in the respective sections.
For all intrinsic puc-Si:H layers a substrate temperature of 180 °C was applied and the
material properties were investigated as a function of the silane concentration. The
thicknesses of the investigated pc-Si:H absorber layers were varied between 450 nm
and 1300 nm. The sample names of the deposited solar cell in this study along with
the deposition and photovoltaic parameters can be found in Table A1—Table A6.

If not stated otherwise, the solar cells were characterised by current—voltage
(J-V) measurements at standard test conditions (100 mW /cm?, 25 °C) using a double
source (Class A) AM 1.5 sun simulator described in Section 3.4.1. Light induced
degradation was performed under open-circuit conditions at 55 °C under simulated
sun spectrum (1000 W/m?) during 1000 h. Furthermore, spectral response measure-
ments quantum efficiency of the single and multijunction solar cells were conducted
using a monochromator in a wavelength range between 300 nm to 1100 nm. The
corresponding wavelengths used for the saturation of the individual sub cells of
multijunction solar cells are presented in Section 3.4.2 in Table 3.2.

5.2 a-Si:H absorber layer properties and a-Si:H single
junction solar cells

The experiments that led to the results presented in this section were carried out
in the framework of the diploma thesis of Ms Karen Wilken at the Forschungszen-
trum Jiilich [98]. The diploma thesis focused on the development of low-temperature
fabricated amorphous silicon material with high optical gaps for the application in
single and tandem junction solar cells with high open-circuit voltages. The present
Ph.D. thesis expands on the findings shown in [98] and employs the low-temperature
fabricated a-Si:H layers for the development of high voltage multijunction solar cells.
In this section, the key results necessary to comprehend the further investigations of
this work will be highlighted. For more details on the fabrication and characterisation
of low-temperature a-Si:H layers, the reader is referred to the corresponding diploma
thesis [98].

The open-circuit voltage of a properly designed a-Si:H solar cell mainly depends
on the optical gap energy of the absorber layer [85,164]. Thus, attempts for the
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variation in the optical gap energy of intrinsic a-Si:H absorber layers were made.!
The a-Si:H material optimisation was mainly performed as a function of the substrate
temperature T's and the silane concentration SC.

5.2.1 Intrinsic a-Si:H absorber layers

The optical gap of a-Si:H correlates with the hydrogen content of the material [92].
Therefore, FTIR measurements were conducted to estimate the amount of hydrogen
in intrinsic a-Si:H layers. Fig. 5.1 shows the hydrogen content cy as a function of the
substrate temperature for a-Si:H layers deposited with different silane concentrations.
The general trend indicates that a decrease in T resulted in an increase of cy.
This behavior can be attributed to the increased desorption of hydrogen at higher
substrate temperatures. As the deposition temperature increases, the desorption of
hydrogen atoms is energetically favored. Thus, less hydrogen is incorporated into
the layer [165]. No clear dependency of ¢y on the silane concentration in the chosen
range was visible in the FTIR data. The hydrogen content in all samples investigated
was between 10.6 % and 16.8 %.

For the determination of the optical gap energy of the a-Si:H material, absorption
spectra for different T and SC were measured and subsequently evaluated, with
respect to Fos as an estimation of the optical gap. The evaluated Ey, values for all
samples are shown in Fig. 5.2. In the considered temperature range, the optical gap
energy Fy4 decreased by approximately 80 meV with increasing T's for a given SC.
Additionally, a slight dependency of the Fo, data on the SC data could be extracted.
For a constant T, an average difference of approximately 30 meV between SC' of
4 % and 10 % was observed. Considering all a-Si:H absorber layers, the optical gap
was varied by 120 meV from 1.86 eV to 1.98 eV.

The results presented in Fig. 5.1 and Fig. 5.2 suggest that the the hydrogen
content is directly linked to the optical gap in a-Si:H material. In fact, it is commonly
observed that the optical gap energy of a-Si:H increases with increasing fraction
of bound hydrogen in the a-Si:H material [43]. A possible explanation suggested
that the hydrogen could be involved in the breaking of weak Si-Si bonds that are
responsible for the states in the top of the valence band. Consequently, by increasing
ch, stronger Si-H bonds emerge, which leads to states deep in the valence band.
As a result, the valence band edge shifts down. The conduction band remains

IThe results presented in this section were also published in F. Urbain, K. Wilken et al., Int. J.
Photoenergy 2014 (2014), 249317 [85].
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Fig. 5.1 Hydrogen content cy as a function of the substrate temperature T'g
during the deposition of intrinsic a-Si:H layers, with different silane concen-
trations SC. The thickness of the layers was 400 nm. The data is taken from
Refs. [85,98] (By courtesy of K. Wilken, Forschungszentrum Jiilich).

unaffected and thus, the optical gap energy increases [43,92]. Other microscopic
models involve a discussion of the effects of nanosized void configurations on the
hydrogen incorporation in a-Si:H material [166, 167].

For low-temperature deposited a-Si:H layers, it is well accepted that the a-Si:H
material suffers an increase of the defect density, which leads to a deterioration of the
solar cell performance [90,168]. As shown in Ref. [98], the adjustment of SC, however,
allows to maintain a material with a reasonable electronic quality (low defect density)
even at a very low deposition temperature. These results demonstrated that the
electronic quality of the a-Si:H material deposited at low substrate temperatures
around 70 °C could be improved, in terms of defect absorption density, by using
lower silane concentrations during the deposition.

5.2.2 a-Si:H single junction solar cells

The investigated intrinsic a-Si:H absorber layers with different optical gap energies
were subsequently applied in single junction solar cells in a pin configuration. The
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Fig. 5.2 Optical gap energy Fo4 as a function of the silane concentration SC
for intrinsic a-Si:H layers deposited at different substrate temperatures T'.
The dotted lines are to guide the eye. The data is taken from Refs. [85,98] (By
courtesy of K. Wilken, Forschungszentrum Jiilich).

solar cells were prepared with intrinsic a-Si:H layers at silane concentrations of 4 %
and 10 %, in order to consider the entire range of Eo, absorber layer energies (from
1.86 eV to 1.98 eV) for the relevant temperatures, shown in Fig. 5.2. The performance
of the a-Si:H solar cells as a function of T is displayed in Fig. 5.3.

By reducing T from 250 °C down to 110 °C, the open-circuit voltage V¢
increased with decreasing T's and was varied from 802 mV up to a value of 946 mV,
achieved in the case of an absorber layer with a silane concentration of 4 % and a
substrate temperature of 130 °C (see Fig. 5.3(b)). In this temperature range (110 °C
— 250 °C), the fill factor FF was only slightly affected, and varied between 68.5 %
and 73.8 % for an SC of 10 % and between 70.2 % and 74.2 % for an SC of 4 %
(see Fig. 5.3(c)). The best efficiency npy of 10.3 % was obtained with an intrinsic
a-Si:H layer with an SC of 10 %, deposited at 180 °C (see Fig. 5.3(a)).
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Fig. 5.3 Photovoltaic parameters of single junction solar cells (efficiency npy
(a), open-circuit voltage Voc (b), fill factor FF (c), short-circuit current density
Jsc (d)) as a function of the substrate temperature T’ of the intrinsic a-Si:H
layer, with 10 % (blue squares) and 4 % (red triangles) silane concentration SC,
respectively. The intrinsic a-Si:H layers had a thickness of approx. 400 nm. The
lines are to guide the eye. The data is taken from Refs. [85,98] (By courtesy of
K. Wilken, Forschungszentrum Jiilich).

For even lower T's of 70 °C, the entire performance parameters tend to deteriorate
considerably, as compared with the solar cells deposited at T's of 110 °C or above. In
the 70 °C temperature region, an increased defect absorption density [98] and a higher
optical gap Eos (see Fig. 5.2) significantly impaired the electronic material quality.
Nevertheless, as already mentioned in the preceding section, through the use of a
lower SC' during the low-temperature deposition, a significant improvement of the
optoelectronic properties of a-Si:H material was achieved [98]. When SC was reduced
down to 4 %, a significant improvement in V¢ and FF was observed in the case of
solar cells deposited at temperatures below 180 °C. For Ty = 70 °C and SC =4 %,
all the parameters were enhanced, compared to the 70 °C cell with SC = 10 %,
and npy yielded 7.7 % (see Fig. 5.3(a)). This underlines that a combination of low
deposition temperature and reduced SC of the absorber layer was necessary to obtain



5.3 wc-Si:H absorber layer properties and pc-Si:H single junction solar cells 7

high voltage solar cells with an appropriate efficiency level.

Fig. 5.3(d) presents the Jgc data of the solar cell series as a function of T.
From 70 °C to 180 °C, Jgc increased with increasing T and, except for T's of 70 °C,
the solar cells with SC' = 10 % promoted higher Jgc compared to the cells with a SC
of 4 %. This can be explained by the wider Fo4 gap of a-Si:H layers with SC =4 %,
in comparison to layers with SC = 10 % (see Fig. 5.2). However, for T of 250 °C,
Jsc decreased for both SC.

In Ref. [98], it was demonstrated by means of quantum efficiency measurements
of the solar cells from Fig. 5.3 that the decrease in Jgc for T of 250 °C was caused by
the drop in photocurrent in the short wavelength region. It was suggested that boron
diffusion from the p-type layer (deposited at 180 °C) into the intrinsic a-Si:H layer
(deposited at 250 °C) caused a deterioration of the p-/i-interface. This deterioration
led to a reduction of the short wavelength QF and hence, Jsc decreased.

5.3 puc-Si:H absorber layer properties and pc-Si:H
single junction solar cells

The open-circuit voltage Ve in pc-Si:H solar cells strongly correlates with crys-
tallinity and with the thickness of the absorber material [103,169,170]. Apart from
that, Vo is also influenced by the intrinsic-type interface properties. Therefore, the
optimisation of the pc-Si:H solar cells was conducted by the following routes:?

e variation of the intrinsic uc-Si:H absorber layer thickness,

e control of the SiH, flow during deposition of the intrinsic uc-Si:H absorber
layer, aiming to maintain a low crystallinity growth across the entire ¢-layer,
and

e incorporation of an intrinsic amorphous buffer layer at the n-/i-interface of
the pe-Si:H solar cell.

2The results presented in this section were published in F. Urbain et al., J. Mater. Res. 29 (2014),
2605-2614 [40].
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5.3.1 Intrinsic uc-Si:H absorber layers

First, intrinsic pc-Si:H absorber layers were investigated with respect to the crys-
tallinity /85 of the layers, which was mainly controllable through the silane con-
centration ratio SC' during the growth, as shown in Fig. 5.4. Raman spectroscopy
measurements were conducted to estimate the crystalline volume fraction in the
samples. As apparent from Fig. 5.4, I8 strongly decreased with an increasing SC of
the intrinsic pc-Si:H absorber layer.
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Fig. 5.4 Crystallinity 785 as a function of the silane concentration SC of
the intrinsic puc-Si:H absorber layer. All investigated layers had a thickness of
800 nm.

5.3.2 uc-Si:H single junction solar cells
Thickness variation of the pc-Si:H absorber layer
The performance of the pc-Si:H solar cells, with respect to Ve, as a function of the

evaluated crystallinity of the absorber layers is presented in Fig. 5.5. The absorber
layer thicknesses of the investigated solar cells were 1300, 650, and 450 nm.
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Fig. 5.5 Open-circuit voltage Voc of pc-Si:H single junction solar cells as
a function of the crystallinity I %s of the intrinsic pc-Si:H absorber layers
(arrow on the upper abscissa illustrates the corresponding trend for the silane
concentration SC). Absorber layer thicknesses of 1300 nm (black triangles),
650 nm (red triangles), and 450 nm (green diamonds) were investigated. The
dashed lines serve as a guide to the eye.

It is well accepted that a decrease in 1337 i.e. an increase in SC, leads to an
increase in V¢ because the material increasingly becomes amorphous [103,171].
For the 1300 nm thick pc-Si:H absorber layers, the data shows that from I85 of 15 %
to 70 % there was only a weak effect on Vo¢. In this region, the data points suggest
a curvature and the open-circuit voltage varied between 490 mV and 530 mV with
a Voo maximum at a crystallinity of 50 % - 40 %. A strong increase in V¢ from
530 mV to 620 mV was visible only for I&5 values below 15 %. A similar trend of the
Voc data as a function of the SC' data for thick pc-Si:H absorber layers above 1.5 pm
was already reported in [103,169]. By reducing the thickness of the pc-Si:H absorber
layers to 650 nm and 450 nm, respectively, the general trend in Fig. 5.5 indicates that
Voc increased for a given crystallinity with decreasing thickness. The open-circuit
voltage of pc-Si:H solar cells is assumed to be limited by the bulk recombination in
the absorber layer [171-173]. Therefore, a decrease of the thickness of this layer may
lead to an increase in V o¢ due to the reduced volume. Overall, this was confirmed
by the results of this work, which indicate that thinner absorber layers tend to enable
higher V¢ values, especially in the moderate crystallinity range. As an example,
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for I85 of around 30 %, Ve increased by around 60 mV (from 500 mV to 560 mV)
when the absorber layer was reduced from 1300 nm to 450 nm.

SiH, profiling

This part focuses on the growth control of the uc-Si:H absorber layer by means of
adjustment of the SiH, gas flow during the deposition, aiming to obtain a moderate
crystallinity (around 50 %) of the absorber layer across the entire i-layer. This
adapted deposition process will be denoted as ”SC' profiling” hereafter. Preceding
studies show that profiling could lead to flattening of the crystallinity profile and to
an improved device performance [174,175]. Fig. 5.6(a) depicts the Raman intensity
ratio depth profile of the structure of the pc-Si:H solar cell along the growth axis,
including n- and p-type layers and the intrinsic 1300 nm thick absorber layer.

First, a pc-Si:H solar cell deposited with a standard deposition process (SC
of 4.4 % and 5 %, black dots in Fig. 5.6(a)) was investigated. The corresponding
SC profile (change of SC' during deposition time) is shown in Fig. 5.6(b) (black
dotted line). The corresponding Raman depth profile data, presented in Fig. 5.6(a),
reveals that the crystallinity of the solar cell was varied between 42 % and 70 %
over the cell thickness. To a cell thickness of 1000 nm, /&5 consistently increased
from 42 % to 70 % and decreased again down to around 50 % from 1000 nm to
1300 nm. A reduction in the crystallinity with an increasing uc-Si:H layer thickness
was previously observed [105]. The steep decrease in I&> between 1300 nm and
1350 nm could be attributed to the contribution of the amorphous n-layer. In order
to achieve a homogeneous crystallinity across the absorber layer, SC was stepwise
adjusted during the growth of the intrinsic absorber layer, as shown in Fig. 5.6(b)
(red solid line). The resulting Raman crystallinity depth profile is presented in
Fig. 5.6(a) (red squares). The data shows that the SC profiling could effectively
lead to a more even distribution (flattening) of the crystallinity over the entire cell
thickness at a moderate I35, It is also evident in Fig. 5.6(a) that the approach to
maintain a homogenous crystallinity could be applied in the case of any absorber
layer thickness. Overall, with this adapted deposition process the efficiency of the
solar cell was enhanced from 7.2 % to 7.8 %, along with a gain in V¢ of up to
20 mV. The detailed j-V characteristics are shown in Fig. 5.6(c), where both solar
cells were made with an Ag back contact.
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Fig. 5.6 (a) Raman crystallinity depth profile of the uc-Si:H pin solar cell

structure without profiling of the silane concentration SC (standard, black
dots) and with profiling of the silane concentration SC (SC profiling, red
squares) during the deposition of the 1300 nm thick intrinsic absorber layer,
respectively. n- and p-type layers and the intrinsic 1300 nm thick absorber layer
are indicated by the blue dashed lines. (b) Silane concentration SC profile of a
standard (dotted black line) and adapted (red line) deposition process of an
intrinsic pe-Si:H absorber layer. (¢) Current density-voltage j-V measurements
of pe-Si:H solar cells (1300 nm thick absorber layers) deposited with a standard
deposition process (dotted black curve) and a pc-Si:H solar cell deposited with
a stepwise adapted SC profile of the intrinsic absorber layer (red curve). Both
solar cells have a Ag back reflecting contact.

Buffer layer incorporation

This section addresses the effects of an intrinsic amorphous buffer layer at the n-
/i-interface on the performance of the pc-Si:H solar cell, as schematically shown in
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Fig. 5.7(a). Similar approaches led to an increase in V¢ and efficiency [174, 176].

E i-uc'-Si:H' Iaye'r thickness: ' )
= 600} A 450nm A
glass =° 650 nm
TCO o 580 e 1300 nm
AAAAARAAAA 8 A .
~SiH(p-i- (<) )
HC-S1:H(p-i-n) S 560} . : i
g Ay m
= 540+ ® -®
[&] e
= e g @
(a) 2 520 (b)

0 10 20 30 40 50 60 70 8
buffer layer thickness [nm]

Fig. 5.7 (a) Schematic drawing of the uc-Si:H solar cell with the incorporated
n-i buffer layer. (b) Open-circuit voltage Vo of uc-Si:H solar cells as a function
of n-i buffer layer thickness (5, 10, 20, 30, 50, 80 nm) for different intrinsic pc-
Si:H absorber layer thicknesses (blue circles: 1300 nm, black squares: 650 nm,
red triangles: 450 nm). All absorber layers were deposited at SC =5 %. The
maximum error in the Vo determination is below 5 mV.

However, these studies have dealt with microcrystalline buffer layers at the p-/i-
interface, i.e. at the front side of the pin solar cell. The implementation of an
intrinsic amorphous buffer layer after the p-layer at the p-/i-interface would however
hinder the crystalline growth of the subsequent intrinsic uc-Si:H absorber layer, which
is why this concept was not applied in this work. Here, an amorphous buffer layer
is deposited after the deposition of the intrinsic pc-Si:H absorber layer between the
i-and the n-layer. n-i buffer layers® of different thicknesses were incorporated in
solar cells with different absorber layer thicknesses. It is assumed that the buffer
layer at the n—/i-interface acts as a defect passivation layer and reduces interface

recombination. Similar effects have been reported for silicon heterojunction solar
cells [177,178].

Fig. 5.7(b) shows the V¢ data as a function of the buffer layer thickness (5, 10,
20, 30, 50, 80 nm) for different uc-Si:H absorber layer thicknesses (1300 nm, 650 nm,
450 nm). The buffer layer thickness was estimated based on calculated deposition rate
of the buffer layer, giving an error in thickness determination within + 10 %. The

3Deposited at 180 °C at SC of 10 %
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silane concentration of 5 % and corresponding crystalline volume fraction were kept
constant for all investigated puc-Si:H solar cells. It is apparent that V¢ increased
with an increasing buffer layer thickness. Moreover, the effect of the buffer layer on
the solar cell performance seems to increase with decreasing cell thickness, because
the increase in V¢ was more pronounced for thinner cells. In this regard, it is
known that the properties of the solar cell become more interface-sensitive when
the cell thickness is reduced [41,172,176]. The 1300 nm thick solar cells exhibited
a maximum Ve of 540 mV. The 650 nm thick cells exhibited up to 568 mV, and
450 nm thick cells even promoted 603 mV.

Fig. 5.8 shows the photovoltaic parameters as a function of the buffer layer
thickness for different pc-Si:H absorber layer thicknesses. As shown in Fig. 5.8, for
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Fig. 5.8 Photovoltaic parameters of uc-Si:H solar cells (conversion efficiency
npv (a), open-circuit voltage Voc (b), fill factor FF (c), short-circuit current
density Jsc (d)) as a function of the buffer layer thickness for different pc-Si:H
absorber layer thicknesses: 1300 nm (blue circles), 650 nm (black squares),
and 450 nm (red triangles). Dotted circles indicate the optimal buffer layer
thickness for the corresponding i-uc-Si:H layer thickness, in terms of V¢ and
conversion efficiency npy.

solar cells with 80 nm thick buffer layers the conversion efficiency strongly decreased.
This is mainly due to the poor fill factors. The Jsc¢ was barely affected by increasing
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the buffer layer thickness. Overall, the optimal buffer layer thickness, in terms of
Voc and efficiency could experimentally be identified for each particular solar cell
thickness (see dotted circles in Fig. 5.8). The 1300 nm thick solar cell showed the
best performance with a buffer layer thickness of 50 nm, the optimal buffer layer
thickness for the 650 nm thick cell was 20 nm and a 5 nm buffer layer thickness
exhibited the best performance in the 450 nm thick cell.

Fig. 5.9 summarises all presented routes discussed above and shows the pho-
tovoltaic conversion efficiency npy, fill factor FF, and short-circuit current density
Jso plotted versus Ve for six series of depositions labeled 71300 nm”, 7650 nm”,
7450 nm”, 71300 nm + SC profiling + buffer layer (50 nm)”, 7650 nm + buffer layer
(20 nm)”, and ”450 nm + buffer layer (5 nm)”. The range of j-V values in each
series were obtained by varying I&%, i.e. SC at which the intrinsic absorber layer
was deposited (see Fig. 5.5). The measured j-V data of the best cell in terms of a
high npy and a high Ve ("best-cell”) are stated in Table 5.1.

For the 1300 nm series (sece B data points in Fig. 5.9), SC was varied between
4.4 % and 6.0 %. This resulted in a broad V¢ range of 490 mV to 620 mV, which
was in agreement with the results shown in Fig. 5.5. The maximum solar energy
conversion efficiency was obtained for Ve of 528 mV, SC = 5.0 % (see Table 5.1).
Here, a further increase in the crystallinity, 7.e. a decrease of SC to 4.4 %, did not
lead to an increase of Jgc (see Fig. 5.9(b)). Consequently, npy slightly decreased
along with FF and Voc. In the range of Ve values between 500 mV to 530 mV,
Jsc continuously decreased from around 21 mA/cm? down to around 10 mA /cm?
with an increasing SC from 5.0 % to 5.6 %. By increasing SC, the uc-Si:H material
became more amorphous and therefore the photocurrent density decreased. As the
fill factor only varied within a small range (see B data points for 500-530 mV in
Fig. 5.9(c)) the conversion efficiency and photocurrent density trends in this data
region resembled and suggest a sort of ’branching’. This behavior may result from
the fact that in the SC range from 5.0 % to 5.6 %, the uc-Si:H material is highly
sensitive, with respect to its crystallinity. In this SC regime, slight changes in SC
during the growth of the i-layer can cause significant effects on the structural layer
properties, including variations of the crystallinity over the entire i-layer thickness.
As a consequence, the photovoltaic parameters, in particular Jgg and FF may also
vary over a wide range for very slight changes in SC' (and Voc). Hence, npy will
also be affected in a similar way.

As can be suggested from Fig. 5.9, the SC profiling for the uc-Si:H cells (see O
data points) could attenuate the sensitivity of the material to some extend. Here,
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Fig. 5.9 Solar cell parameters: (a) conversion efficiency npy, (b) short-circuit
current density Jgc, and (c) fill factor FF vs. the open-circuit voltage Voc
in a 1300 nm (M), a 650 nm (A), and a 450 nm thick pc-Si:H absorber
layer series (%), in a 1300 nm thickness combined with the SC profiling and
incorporated buffer layer (50 nm) series (O), in a 650 nm thickness combined
with incorporated buffer layer (20 nm) series (A), and in a 450 nm thickness
combined with incorporated buffer layer (5 nm) series (7). The trends of the
six series around the best-cell Vo are indicated by solid lines as a guide to the
eye. Table 5.1 summarises the best-cell parameters for the solar cells indicated

by arrows in (a).
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the results suggest that the pc-Si:H growth was stabilised and that the achieved
moderate and constant crystallinity level (around 50 %) effectively increased the
best-cell Ve up to 551 mV along with an increased conversion efficiency from 8.0 %
to 8.2 % (see Table 5.1). Please note that for this series also a buffer layer of 50 nm
thickness was implemented.

In the 530 mV to 620 mV region for the standard 1300 nm series (see B data
points), SC' was varied between 5.6 % and 6.0 %, inducing a largely amorphous
growth of the absorber layer, which was confirmed by the strong increase in Vgc.
The Jgc data remained at low values between 10 mA/cm? to 8 mA /cm? and FF
strongly decreased down to 55 %, indicating a reduction in the electronic quality of
the material (see Fig. 5.9(b) and (c), respectively).

The 650 nm (see A data points in Fig. 5.9) and 450 nm series (see * data
points in Fig. 5.9) depict the photovoltaic parameters for decreased absorber layer
thicknesses. Compared to the 1300 nm series, both series showed increased best-cell
Voc values of 545 mV for the 650 nm and 565 mV for the 450 nm series (see Table 5.1).
Jsc and FF were less affected (see Fig. 5.9(b) and (c), respectively) relative to the
1300 nm series. Best-cell efficiencies of 8.6 % and 7.5 % were achieved for the 650 nm
and the 450 nm series, respectively (see Table 5.1).

The 650 nm thin solar cells with an incorporated 20 nm buffer layer (see A
data points in Fig. 5.9) exhibited a best-cell V¢ of 570 mV with 8.1 % conversion
efficiency (see Table 5.1).

The highest best-cell V¢ of 580 mV was promoted by the 450 nm thin solar
cells with a 5 nm buffer layer incorporated (see 7+ data points in Fig. 5.9). However,
the light absorption of this very thin cells was rather low, which is in agreement with
a reduced Jgc of 17 mA/cm? and a conversion efficiency of 6.7 % (see Table 5.1).

Overall, the results indicate that the implementation of the concepts described
above can lead to an increase of the open-circuit voltage in single junction puc-
Si:H solar cells without a significant deterioration of the other j-V characteristics.
Compared to a chosen reference cell with 8.0 % efficiency and 528 mV as Vo,
the presented optimisation routes (SC profiling, thickness reduction, and buffer
layer incorporation) increased npy and Ve of the 1300 nm thick cells to 8.2 % and
551 mV, respectively, and for the 650 nm cells to 8.1 % and even 570 mV, respectively.
The 450 nm thick cells with 6.7 % efficiency provided the highest Vg of 580 mV.
The results furthermore show that V¢ of pc-Si:H solar cells can be increased in
small approx. 10 mV steps, which may be of interest for devices where the required



5.4 Tandem junction solar cells

87

voltage values need to be precisely adjusted within a small range. As will be shown

in Chapter 6, integrated water splitting systems represent an example of such devices.

Table 5.1 Photovoltaic parameters of the best-cell pc-Si:H devices from
Fig. 5.9. The deposition parameters of teh fabricated solar cells regarding the
thicknesses of the absorber layer, the application of a SC profiling, and the
incorporation of buffer layers at various thicknesses are listed.

Symbol Absorber layer SC profiling Buffer layer

v Voc FF Jsc thickness thickness
(%] mV] [%] [mA/cm? [nm] [nm]

| 8.0 528 T71.3 22.0 1300 w/o w/o

A 8.6 545 T72.6 21.6 650 w/o w/o

* 7.5 565 728 18.2 450 w/o w/o

m] 82 551 70.7 21.8 1300 with 50

A 81 570 70.6 20.1 650 w/o 20
6.7 580 67.7 17.0 450 w/o 5

5.4 Tandem junction solar cells

In order to achieve sufficiently high open-circuit voltages to drive the water splitting
reactions without an additional external bias, the developed single junction solar
cells need to be combined and employed in multijunction solar cells. In the best

case, the photovoltages of the single junction solar cells nearly sum up in the tandem
configuration. Therefore, this section focuses on the development of high photovoltage
a-Si:H/pe-Si:H and a-Si:H/a-Si:H tandem junction solar cells based on the integration

of the herein developed single junction solar cells.

5.4.1 a-Si:H/c-Si:H tandem junction solar cells

The optimised high open-circuit voltage pc-Si:H solar cells from the 71300 nm + SC
profiling + buffer layer (50 nm)”, 650 nm + buffer layer (20 nm)”, and "450 nm +
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buffer layer (5 nm)” series were subsequently utilised as bottom cells in a-Si:H/puc-Si:H
tandem junction solar cells?. As a reference bottom cell, the ”1300 nm” series was
used. Various combinations of the top and bottom cells, along with corresponding
absorber layer parameters and photovoltaic device parameters (npy, Voc, FF, Jsc)
are listed in Table 5.2. The a-Si:H top cell was deposited at 130 °C with SC =4 %
(see 5.2.2). The respective thicknesses are also listed in Table 5.2.

Table 5.2 Photovoltaic parameters of a-Si:H/uc-Si:H tandem junction solar
cells fabricated with different series of uc-Si:H bottom cells and a-Si:H top
cells for different silane concentrations SC and thicknesses. The corresponding
current density-voltage measurements are depicted in Fig. 5.10.

Tandem pie-Si:H bottom cell a-Si:H top cell

cell Thick-
Series SC | ness SC | npv Voc FF Jsc Vspp Jupp
(%] | [nm] %] | %) [mV] [%] [mA/em?] [mV] [mA/cm?|
A 1300 nm 5 400 4.0 |10.9 1390 72.3 10.8 1115 9.6
1300 nm +
B SC profiling + 5 400 4.0 10.5 1474  65.6 10.9 1184 8.9
buffer layer (50 nm)
C 650 nm + 5.3 250 4.0 | 11.0 1504 73.0 10.0 1255 8.7
buffer layer (20 nm)
D 450 nm + 5.3 | 150 4.0 | 9.7 1515 76.2 8.4 1259 7.5

buffer layer (5 nm)

The maximum power point (MPP) voltage and photocurrent density values,
Vuep and Jypp, respectively, are also included in Table 5.2 for all tandem cells. The
corresponding j-V characteristics are presented in Fig. 5.10. As can be deduced from
the data in Table 5.2, the optimisation of the uc-Si:H bottom cell effectively led to an
increase in Ve and Vypp compared to the reference 1300 nm series (cell A). For the
cell B and the cell D, however, the F'F' and the Jsc, respectively, decreased, which
led to a lower conversion efficiency in both cases compared to the reference cell A.
The combination of the SC profiling concept and the buffer layer incorporation in the
1300 nm series (cell B) led to an increase in Jg¢ and Vg of 0.1 mA/cm? and 80 mV,
respectively. However, the fill factor of this tandem cell decreased to 65.6 %, resulting
in 1184 mV for Vypp and an overall conversion efficiency of 10.5 %. For the 650 nm
series with the incorporated buffer layer (cell C) the efficiency was maintained at

4The results presented in this section were published in F. Urbain et al., J. Mater. Res. 29 (2014),
2605-2614 [40].
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Fig. 5.10 Current density-voltage j- V measurements of a-Si:H/uc-Si:H tandem
solar cells with different pc-Si:H bottom cells: 1300 nm” reference series (cell A,
green curve), 71300 nm + SC profiling + buffer layer (50 nm) series” (cell B,
blue curve), "650 nm + buffer layer (20 nm)” series (cell C, red curve), and
7450 nm + buffer layer (5 nm)” series (cell D, black curve).

11.0 % along with a 100 mV increase in both, Voc and Vypp, compared to the
cell A. The total thickness of this tandem cell was below 1 pm. The tandem cell,
with the 450 nm thin bottom cell with incorporate buffer layer (cell D) exhibited
the highest Vo and FF values. However, due to the decreased thickness of the sub
cells (total tandem cell thickness was only 700 nm), Jsc and npy decreased.

In summary, this investigation proved the successful integration of single junction
solar cells in tandem devices, because the voltages nearly added up (compare with the
single junction cells presented in Section 5.2.2 and in Table 5.1). The tandem junction
cell C exhibited the best high voltage/high current tradeoff and provided a high Jypp
of 8.7 mA /em? along with the highest Vypp of 1255 mV. Furthermore, this tandem
cell had a total thickness below 1 pum, accentuating its low-cost production and high
stability against light induced degradation, as will be shown in Section 5.6.

The quantum efficiency measurements for the a-Si:-H/puc-Si:H tandem solar cell
series (same as in Table 5.2 and Fig. 5.10) are presented in Fig. 5.11. When the
top and bottom cell thickness were decreased, the photocurrent densities of the top
and bottom cell, Jqg top and Jqg pot, decreased while Ve increased (see Table 5.2
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Fig. 5.11 Quantum efficiency measurements of the four a-Si:H/uc-Si:H tandem
junction solar cells from Table 5.2. Letter A denotes the 71300 nm” reference
series (green curves), B the ”1300 nm + SC profiling + buffer layer (50 nm)
series” (blue curves), C the 7650 nm + buffer layer (20 nm)” series (red
curves), and D the 7450 nm + buffer layer (5 nm)” series (black curves). The
photocurrent densities of the top and bottom cell, Jqg,top and Jqgbot are
depicted in the figure. Arrow indicates the trend of increasing bottom cell
QF in the wavelength range between 400 and 600 nm with decreasing pc-Si:H
absorber layer thickness. Top and bottom cell photocurrent densities calculated
from the QF curves are placed near the related measurements.

and Fig. 5.10). As the reduction of the top cell thickness is accompanied with a
higher transparency, more light can enter the bottom cell. This was confirmed by
the increase of the bottom cell QF in the wavelength range between 400 nm and
600 nm with a decreasing pc-Si:H absorber layer thickness (indicated by the arrow in
Fig. 5.11). This might explain the relatively high photocurrent density of the tandem
cell B of 10.0 mA /em? with the 650 nm bottom cell compared to the tandem cell A
with the 1300 nm bottom cell, i.e. with twice the thickness, which provided only a
little higher photocurrent density of 10.8 mA /ecm?.
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5.4.2 a-Si:H/a-Si:H tandem junction solar cells

The foregoing a-Si:H/puc-Si:H tandem solar cells provided a maximum Ve of 1.5 V.
It will be shown in this work that 1.5 V is not sufficient in order to run the water
electrolysis efficiently without an additional external bias. Nevertheless, the developed
pne-Si:H cells were also used as sub cells in triple and quadruple junction cells, as will
be shown in Section 5.5. The results on the application of the developed solar cells in
PV-EC devices will be shown in Chapter 6. As an alternative to the a-Si:H/uc-Si:-H
tandems, the a-Si:H/a-Si:H cells, combining two high voltage single junction a-Si:H
cells with low-temperature fabricated absorber layers (see Section 5.2), can be applied
as high voltage tandem solar cells for water splitting.

Several tandem junction combinations of two a-Si:H single junction solar cells
were tealised®. The single junction solar cells for the top and the bottom cells
were chosen based on the results presented in Section 5.2.2. The top and bottom
cell combinations, along with the absorber layer parameters (SC' and T) and the
photovoltaic device parameters are listed in Table 5.3. The a-Si:H bottom cell
thickness was 400 nm and the top cell thickness was varied between 90 nm and
110 nm, respectively.

Table 5.3 Photovoltaic parameters of a-Si:H/a-Si:H tandem junction solar
cells fabricated with varying SC' and T's of top and bottom cell based on the
results from Fig. 5.3.

Top cell Bottom cell
Tandem | SCiop  Tsiop | SChot  Tspot | v Voo FF Jsc Vmpp Jnipp
cell (%] [C] (%] C | %] mV] (%] [mA/em?] [mV] [mA/cm?]

250/250 4 250 4 250 8.3 1602 71.8 7.2 1325 6.2
180/250 10 180 4 250 8.7 1700 68.5 7.4 1410 6.2
110/110 4 110 4 110 9.5 1870 775 6.6 1580 6.2
180/180 10 180 10 180 9.8 1796 78.8 7.0 1555 6.5
130/180 4 130 10 180 | 11.3 1806 74.2 8.4 1510 7.4
130/130 4 130 4 130 | 10.9 1913 74.0 7.7 1595 6.8

5The results presented in this section are based on the tandem cell development performed by
K. Wilken [98] with additional optimisation of certain devices by the present author. The results
were published in F. Urbain, K. Wilken et al., Int. J. Photoenergy 2014 (2014), 249317 [85] and
in F. Urbain, et al., Chem. Phys. Lett. 638 (2015), 25-30 [179].
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As presented in Section 5.2.2, the developed a-Si:H single junction cells provided
a Voc range between 800 mV and 950 mV (see Fig. 5.3). The data in Table 5.3
confirm that with the combination in tandem solar cells an even extended range of
high open-circuit voltages was achieved, ranging from 1601 mV to 1913 mV. Similar
to the results in the foregoing Section 5.4.1, the V ¢ values of the tandem solar cells
were in good agreement with the summed V o¢ values of the respective individual
sub cells (see Fig. 5.3), proving that the combination of single cells was successful.
As already noted, Jypp and Vypp play an important role here and are presented in
the last column of Table 5.3. The highest Vypp and the highest V¢ of 1595 mV
and 1913 mV, respectively, were achieved by the tandem cell combining two sub
cells with an SC of 4 % and both top and bottom cell substrate temperatures T's top
and T'g ot of 130 °C (the tandem cell will be denoted as "a-Si:H/a-Si:H (130/130)”
hereafter). For this tandem cell the bottom cell was 400 nm thick and the top cell
had a thickness of 90 nm. The tandem cell consisting of a 4 % SC top cell (110 nm
thick) with Tg 4op = 130 °C and a 10 % SC bottom cell (400 nm thick) with 180 °C
for T's ot exhibits the highest Jsc value of 8.4 mA/cm? and an npy of 11.3 % (the
tandem cell will be denoted as ”a-Si:H/a-Si:H (130/180)” hereafter).

The quantum efficiency measurements of the two best efficiency a-Si:H/a-Si:H
tandem junction solar cells (cells 130/180 and 130/130 from Table 5.3) are presented
in Fig. 5.12. As can be deduced from Fig. 5.12 both tandem solar cells were current-
matched as in both cases the top and the bottom cell photocurrent densities are very

similar.
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Fig. 5.12 Quantum efficiency measurements of the 130/180 and of the 130/130
a-Si:H/a-Si:H tandem junction solar cells from Table 5.3, respectively. The
photocurrent densities of the top and bottom cell, Jqg top and Jqgbot are
calculated from the QF curves and placed near the related measurements.

5.5 Triple and quadruple junction solar cells

To extend the range of achievable photovoltages for the application in water splitting
devices, triple and quadruple junction solar cells were developed®. Higher tunable
photovoltages foster a higher flexibility in choosing different catalyst materials with
different overpotential requirements in PV-EC configurations. Based on the results
on a-Si:H and pc-Si:H absorber layers presented in Sections 5.2 and 5.3, respectively,
this section exploits ways to improve the device efficiency in combination with high
Voc ranging from 2.0 V to 2.8 V. Due to requirements on the optical gap energy
sequence, the top and bottom cell absorber layers were made of a-Si:H (high optical
gap) and pc-Si:H, respectively, for all investigated multijunctions. For the middle
cell absorber layers in triple junction solar cells either a-Si:H (lower optical gap) or
pc-Si:H were applied, which leads to different voltage and current matching conditions
and represents the two development paths discussed below.

6The results presented in this section were published in F. Urbain et al., Energy Environ. Sci.
9 (2016), 145-154 [144] and in F. Urbain, et al, Sol. Energy. Mat. Sol. Cells 145 (2016),
142-147 [39].
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5.5.1 a-Si:H/uc-Si:H/uc-Si:H

The target for the a-Si:H/puc-Si:H/pc-Si:H triple junction solar cells was to achieve
higher V¢ values than state-of-the-art a-Si:H/a-Si:H tandem junctions, i.e. above
1.9 V. For the top cell absorber layer a high optical gap a-Si:H material (1.95 eV £ 25 meV)
was chosen to increase the light incoupling and the open-circuit voltage [85]. Fur-
thermore, V¢ was increased by integrating nominally identical thin intrinsic a-Si:H
buffer layers at the n-/i-interface of the pc-Si:H sub cells, in order to adjust the open-
circuit voltage in a small range (see Section 5.3). To evaluate the different routes,
three different types of a-Si:H/pc-Si:H/puc-Si:H cells were investigated (referred to as
T1-T3):

e a reference cell without n-i buffer layer (T1),
e the same cell as T1, but with 30 nm n-i buffer layer for the bottom cell (T2),

o the same cell as T1 with a 30 nm n-i buffer layer for the bottom and a 20 nm
n-i buffer layer for the middle cell (T3).

Table 5.4 summarises the performance of these triple junction cells, including layer
preparation and PV parameters of the solar cells.

Table 5.4 Overview of all relevant layer preparation and PV parameters (Voc,
Jsc, FF, and efficiency npy) of a-Si:H/pc-Si:H/pc-Si:H devices.

Triple n-i nev Voc FF Jsc V mpp Jnipp
cell ~ buffer layer [%] [mV] [%] [mA/cm?] [mV] [mA/cm?]
T1 w/o 11.1 1895 70.8 8.3 1602 6.8
T2 bottom 11.1 1958 68.1 8.3 1596 6.9
T3 bottom 11.2 1976 67.6 8.4 1594 7.1

and middle

The sub cells had a thickness of 160 nm for the top, 1200 nm for the middle, and
1600 nm for the bottom cell. As presented in Table 5.4, the integration of intrinsic
a-Si:H buffer layers at the uc-Si:H n-/i-interfaces led to an increase in Vo by around
60 mV for one buffer layer (T2) and around 80 mV to 1976 mV for two buffer layers
(T3), along with a slight decrease in FF. Although the voltage at the MPP was
around 1.6 V for all cells, the photocurrent density at the MPP was increased by
approx. 0.3 mA/cm? from the cell T1 to T3. This result exemplarily demonstrated
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that the open-circuit voltage can be increased very systematically within a small
voltage range. However, in order to increase Vypp, the fill factor of the tripe cells
needs to be improved as well. Here, further investigations are required. As will be
shown in Chapter 6, high adjustable photovoltages and photocurrents near the MPP
of the solar cell are relevant in particular for water splitting applications, where the
required PV performance strongly depends on the specific requirements of the chosen
catalyst materials.

Fig. 5.13 depicts the quantum efficiency measurement of the triple junction cell
T3. The QF data showed that all sub cells had very similar photocurrent densities
of 8.0 mA/cm?, 8.2 mA/cm?, and 8.3 mA/cm? as presented in Fig. 5.13. These
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Fig. 5.13 Quantum efficiency curves of a a-Si:H/uc-Si:H/pc-Si:H triple junc-
tion device corresponding to cell T3 from Table 5.4. Sub cell photocurrent
densities calculated from the QF curves are placed near the related measure-
ments and the total QF is displayed by the blue shaded area.

values were slightly lower than the Jg¢ value quoted in Table 5.4, where an anti-
reflection foil was additionally used during j-V measurements. From the total QF
photocurrent density (shaded in blue) a slight dip between 500 nm and 650 nm was
visible, which corresponds to reflection losses at the intermediate reflecting/absorber
layer interface.
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5.5.2 a-Si:H/a-Si:H/puc-Si:H

The aim of the a-Si:-H/a-Si:H/puc-Si:H triple junction cells was the further expansion
of the V¢ range beyond the values obtained with the a-Si:H/puc-Si:H/uc-Si:H cells
to around 2.3 V. Additional emphasis was put on the matching of the photocurrent
densities of the individual sub cells. Balanced and enhanced sub cell photocurrent
densities were achieved by varying the sub cell thicknesses and by introducing a
thicker n-type puc-SiOx:H intermediate reflecting (IR) layer after the a-Si:H middle
cell [124,125,180]. The latter ensured that more short wavelength light was reflected
back into the two (top and middle) a-Si:H sub cells. Similar to the a-Si:H/pc-Si:H/ pc-
Si:H, this triple cell type used the same wide optical gap a-Si:H top cell absorber
layer (1.95 eV + 25 meV). For the middle cell, an a-Si:H absorber layer with lower
optical gap (1.91 eV £ 25 meV) was applied. Three different a-Si:H/a-Si:H/puc-Si:H
devices were compared (referred to as T4-T6):

e a reference solar cell prepared without pc-SiOy:H IR layer (T4),
e a cell with a pc-SiOx:H IR layer (T5), and

e the same cell as T5, but with adapted sub cell thicknesses such that a balanced
maximum photocurrent density level was provided by each sub cell (T6).

The experimental data of the triple junction cells, in terms of the QF measured
photocurrent densities of each individual sub cell, the layer preparation (including
layer thicknesses) and the PV parameters are presented in Table 5.5.

Table 5.5 Overview of all relevant layer preparation and PV parameters (Voc,
Jsc, FF, and efficiency npy) of a-Si:H/a-Si:H/puc-Si:H devices.

JQE.top JQE,mid JQE bot
Triple pc-SiOx:H  [mA/em? [mA/em?] [mA/cm? npy Voo FF Jso Vupp Jupp
cell IR layer (i-layer (¢-layer (i-layer (%] [mV] [%] [mA/cm? [mV] [mA/cm?]

thickness) thickness) thickness)

[nm] [nm] [nm]
T4 w/o 7.3 (80) 6.8 (400) 7.4 (1200) 12.8 2269 723 7.8 1850 6.9
T5 with 7.4 (80) 7.1 (400) 7.4 (1200) 134 2272 712 83 1860 7.1
T6 with 7.6 (90) 7.3 (700) 7.6 (1800) 13.6 2279 69.2 8.6 1851 7.4

(matched)

Again, the Jgc values were higher compared to the Jqp values measured from the
QF measurements because an anti-reflection foil was used for the j-V measurement.
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The integration of the uc-SiO,:H IR layer significantly enhanced Jgc from 7.8 mA /cm?
(cell T4) to 8.3 mA/cm? (cell T5), mainly due to the increase of the middle cell
photocurrent density from 6.8 mA/cm? to 7.1 mA/ecm?. The current-matched cell T6
provided the highest Jsc value of 8.6 mA /cm? and 2279 mV in V. This shows that
the presented approach resulted in an increase of 0.8 mA/cm? and 10 mV relative to
cell T5. The good current matching for cell T6 also resulted in a slightly decreased fill
factor, which is expected for current-matched sub cells [181]. The quantum efficiency
measurement of cell T6 is shown in Fig. 5.14.
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Fig. 5.14 Quantum efficiency curves of a a-Si:H/a-Si:H/uc-Si:H triple junction
device corresponding to cell T6 from Table 5.5. Sub cell photocurrent densities
calculated from the QF curves are placed near the related measurements. The
blue shaded area displays the total QF of the triple junction solar cell.

Overall, an efficiency of 13.6 % was obtained along with 1851 mV in Vypp and
with 7.4 mA/cm? in Jypp. Accordingly, in the PV-EC device configuration, the
overpotential losses can be in the range of 600 mV (1.85 V—1.23 V) in order to
operate the device near its maximum power point. In fact, these overpotential
values lie close to the HER and OER overpotentials for state-of-the-art precious
metal catalyst materials [21,182]. The application of the multijunction solar cells in
integrated water splitting device will be discussed in Chapter 6.
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5.5.3 a-Si:H/a-Si:H/pc-Si:H/uc-Si:H

To increase the flexibility in choosing catalyst materials for water splitting, a large
photovoltage (> 2.3 V) is necessary. In particular, earth-abundant and non-precious
metal catalysts, which usually are catalytically less active, require photovoltages over
800 mV, i.e. photovoltages of over 2.0 V at the MPP [182]. Open-circuit voltages of
2.8 V are feasible and were recently shown for quadruple junction solar cells [183-185].
In contrast to intrinsic a-SiOy:H used as top cell absorber layer [184] or a-SiGe:H
used as middle cell absorber material [183], herein the aforementioned wide optical
gap intrinsic a-Si:H material as top cell and the low optical gap a-Si:H material as
middle cell absorber layers were applied. A puc-SiOy:H IR layer between the middle
a-Si:H and the first pc-Si:H sub cell was integrated, as already presented in the
previous Section 5.5.2. In order to match the sub cells in terms of the highest possible
photocurrent density, the thicknesses of each cell were systematically adjusted.

Table 5.6 presents on overview of the absorber layer thicknesses for the three
investigated quadruple solar cells, referred to as Q1-Q3. The intrinsic a-Si:H top
cell absorber layer was the same as for the triple junction solar cells and had an
optical gap energy of 1.95 eV £ 25 meV, while the a-Si:H middle cell 1 absorber
layer had a lower optical gap energy (1.91 eV % 25 meV). The pc-Si:H middle cell 2
and bottom cell were deposited at the same SC and only the thicknesses were varied,
as indicated in Table 5.6. The respective initial photovoltaic parameters, as well
as the sub cell photocurrent densities evaluated by means of QF measurements of
the quadruple junction solar cells are also presented in Table 5.6. Note that for
all photocurrent density values presented in Table 5.6, the Jgc values are slightly
higher than the limiting sub cell photocurrent densities (evaluated by means of QF
measurements) mainly because an anti-reflection foil was additionally used during
7-V measurements.

The quadruple junction cell Q1 provided a high Ve of 2775 mV. However,
the current mismatch in the middle 1 and middle 2 sub cell (6.7 and 5.8 mA /cm?,
respectively) was evident. The high fill factor value of 71.7 % may partly result from
the non-optimised current matching in this cell [181]. The photocurrent density of
the middle 2 pc-Si:H sub cell limited the overall short-circuit current density (Jsc)
to 6.4 mA /cm?. The adjustment of the sub cell thicknesses in the solar cell Q2 led to
a more even distribution of the total photocurrent between the sub cells, as can be
concluded from the Jqg values in Table 5.6. The slight increase in the total Jgc and
the reduction in the fill factor were in line with the QF evaluation. Nevertheless,
the first pc-Si:H sub cell (middle 2) limited the overall photocurrent density for
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Table 5.6 Overview of the intrinsic sub cell absorber layer thicknesses of three
investigated quadruple junction solar cells, referred to as Q1-Q3, based on
a-Si:H and pc-Si:H. Additionally, the sub cell photocurrent densities (based
on QF measurement without anti-reflection foil), and initial photovoltaic
parameters of a-Si:H/a-Si:H/puc-Si:H/puc-Si:H quadruple junction solar cells
(based on illuminated j-V measurements with anti-reflection foil) are presented.

cell Q1 cell Q2 cell Q3

Top cell thickness [nm] 80 80 80
JQE top [MA/cm?] 6.3 6.3 6.6
Middle cell 1 thickness [nm] 700 550 400
JQE,midl [mA/CHlQ] 6.7 6.4 6.2
Middle cell 2 thickness [nm] 1800 2000 1600
JQEmid2 [MA/cm?] 5.8 6.0 6.2
Bottom cell thickness [nm] 2700 2700 2300
JQEpot [mA/cm?] 6.4 6.3 6.3

ey (%] 12.7 12.4 13.2
Voc [mV] 2775 2779 2802

FF (%] 1.7 67.9 69.8

JSC [I’IlA/Cm2] 6.4 6.5 6.9
Vupp [mV] 2253 2231 2278

JMpp [mA/ch] 5.6 5.5 5.8

Q1 and Q2. For the cell Q3, the thickness of the middle a-Si:H sub cell was reduced
to provide more light in the wavelength range between 500 nm and 700 nm for the
pe-Si:H middle cell. Additionally, a reduction in the absorber layer thickness of the
bottom cell resulted in a current transfer from the bottom to the middle sub cells.
Thereby, the photocurrent density of the middle 2 puc-Si:H sub cell was increased.
This enabled a good overall current matching, as also apparent in Fig. 5.15, showing
the QF measurement of the cell Q3.

The quadruple cell provided a short-circuit current density Jsc of 6.9 mA /em?
with an efficiency of 13.2 %. Due to the reduced thickness of both pc-Si:H absorber
layers, Vo was also slightly increased by around 25 mV up to 2802 mV. In conclusion,
the successful optimisation of the absorber layer thicknesses for the cell Q3 is all
the more demonstrated, as Jgc was increased by decreasing the total cell thickness
(compare with Table 5.6). Additionally, a reduced total thickness might lead to an
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Fig. 5.15 Quantum efficiency curves of the a-Si:H/a-Si:H/uc-Si:H/uc-Si:H
quadruple junction solar cell Q3. Sub cell photocurrent densities calculated
from the QF curves are placed near the related measurements and the total
QF is displayed by the blue shaded area.

increased stability against light induced degradation, which is discussed in the next
Section 5.6 for all multijunction solar cell types.

5.6 Light induced degradation

The multijunction solar cells presented in this work were investigated with respect
to their stability against light induced degradation”. Fig. 5.16 displays the LID
behavior on the conversion efficiency in absolute (a) and in normalised values (b),
respectively, up to degradation times of 1000 hours for the tandem, triple, and
quadruple junction solar cells presented in the previous sections. The respective cell
description is included in Fig. 5.16(a).

Fig. 5.16(b) shows that the quadruple, the a-Si:H/uc-Si:H/uc-Si:H triple, and
the a-Si:H/pc-Si:H tandem junction solar cells exhibited the highest stability against
LID, as the relative degradation in efficiency was below 5 % for all cells after 1000

"Some of the results presented in this section were published in F. Urbain, et al., Sol. Energy Mat.
Sol. Cells 145 (2016), 142-147 [39].
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Fig. 5.16 (a) Photovoltaic conversion efficiency npy plotted as a function of
the light soaking time for tandem: a-Si:H/uc-Si:H (blue squares, cell C from
Table 5.2), a-Si:H/a-Si:H (purple triangles: absorber layer T's of 130/130 °C and
open light blue triangles: absorber layer T of 130/180 °C from Table 5.3), triple
(red triangles: cell T3 from Table 5.4 and orange stars: cell T6 from Table 5.5),
and quadruple junction solar cells (black circles: cell Q3 from Table 5.6). (b)
Conversion efficiency normalised to the initial value as a function of the light
soaking time for the tandem, triple, and quadruple junction solar cells.

hours of illumination. From Fig. 5.16(a) it can be seen that the quadruple cell (Q3),
which provided an initial efficiency of 12.9 %, showed the highest stabilised efficiency
of 12.4 %. When an anti-reflection foil was attached to the glass side, an initial
efficiency of 13.2 % and a stabilised efficiency of 12.6 % were measured for this cell,
respectively.

As apparent from Fig. 5.16(b) the conversion efficiencies of the a-Si:H/a-Si:H (130/130)
tandem and the a-Si:H/a-Si:H/uc-Si:H triple junction cell decreased considerably
more by approx. 12 % after light soaking. Due to the thicker a-Si:H top cell (110 nm),
the a-Si:H/a-Si:H (130/180) cell degraded even more by approx. 16 % after the LID
test. The photovoltaic parameters of the investigated multijunction solar cells before
(initial) and after light soaking (stabilised) are presented in Table 5.7.
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Table 5.7 Overview of the photovoltaic parameters of the a-Si:H/puc-Si:H
and a-Si:H/a-Si:H tandem, the a-Si:H/uc-Si:H/uc-Si:H and a-Si:H/a-Si:H/pc-
Si:H triple, and the a-Si:H/a-Si:H/uc-Si:H/uc-Si:H quadruple junction solar
cells in initial and stabilised state (after 1000 hours of light soaking). The
measurements were conducted without an anti-reflection foil.

npv Voc FF Jsc Vupp Jupp
(%] [mV] (%] [mA/em?] [mV] [mA /em?]
initial stab. initial stab. initial stab. initial stab. initial stab. initial stab.

a-Si:H/pc-Si:H (C) 10.6  10.1 1504 1499 713  70.8 9.9 94 1245 1202 8.5 8.1
a-Si:H/a-Si:H (130/180) | 11.2 94 1806 1780 73.1  63.2 8.3 82 14838 1363 7.5 6.9

a-Si:H/a-Si:H (130/130) | 105 9.2 1913 1871 736 646 7.6 74 1580 1465 6.7 6.2

a-Si:H/pc-St:H/ 112 109 1974 1982 681 68.6 8.4 8.0 1603 1620 7.1 6.8
pe-St:H (T3)

a-Si:H/a-Si:H/ 13.2 115 2272 2250 70.2 623 8.3 8.2 1870 1750 7.0 6.4
pe-Si:H (T6)

a-Si:H/a-Si:H/ 129 124 2798 2751 68.8 67.3 6.7 6.6 2280 2253 5.7 54

ue-Si:H/pe-Si:H (Q3)

Note that the photovoltaic parameters underlying j- V' measurements, presented
in Table 5.7 were conducted without an additional anti-reflection foil and therefore
differ from the data in the above sections. For the stronger degrading (relative
npy-degradation above 12 %) a-Si:H/a-Si:H (130/130 and 130/180) tandem and a-
Si:H/a-Si:H/pc-Si:H triple junction solar cells, F'F was the most affected photovoltaic
parameter. An absolute decrease in F'F of approx. 8%-10% was observed for the three
cell types. Consequently, Vypp and Jypp, respectively, were also strongly influenced
and decreased by approx. 100 mV and 0.6 mA/cm?, respectively. For the more
stable cell types (relative npy-degradation less than 5 %), namely the a-Si:H/puc-Si:H
tandem, the a-Si:-H/pc-Si:H/pc-Si:H triple and the quadruple junction solar cells, FF,
and therefore Vypp and Jypp decreased considerably less compared to the other
investigated cell types after light soaking.

Overall, the quadruple junction solar cell showed the highest stability against
LID (5 %) of all the multijunction solar cells. To evaluate its LID behavior in
more detail, i.e. the separate LID behavior of the four sub cells, Fig. 5.17 plots
the QF data of cell Q3 in the initial and stabilised state. It is evident that the
photocurrent densities of the a-Si:H sub cells were stronger affected by LID (roughly
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by around 0.3 mA/cm?) than the photocurrent densities of the uc-Si:H sub cells
(0.1 mA/cm?). Furthermore, the measurement shown in Fig. 5.17 revealed that Jqg
of the 400 nm thick middle a-Si:H sub cell degraded even slightly less than Jqg of
the 90 nm thick top a-Si:H cell. This might be explained by the fact that parts of
the incoming UV-light were filtered by the top cell and thus, did not reach the a-Si:H
middle cell [186]. Another explanation for the relatively small LID for the quadruple
junction cell could be that the effect of LID is ’hidden’ by a photocurrent mismatch
of the individual sub cells. In single junction solar cells, FF is usually the most
affected PV parameter upon LID [101]. In multijunction solar cells, FF' is strongly
influenced by the current matching and increases in general for an increased current
mismatch [181]. Although the effect of LID remains the same in multijunction solar
cells, a possible mismatch would therefore 'hide’ or attenuate the deterioration of
the fill factor upon LID, respectively.
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Fig. 5.17 Quantum efficiency measurement of a-Si:-H/a-Si:H/puc-Si:H/puc-Si:H
quadruple junction devices corresponding to cell Q3 from Table 5.6 in initial
and stabilised state (after 1000 hours light soaking time). Initial sub cell
photocurrent densities calculated from the QF curves are placed near the
related measurements.



104 5 High voltage multijunction thin film silicon solar cells

5.7 Temperature-dependent photovoltaic
performance

In contrast to the standard test conditions, at a temperature of 25 °C, the operation
temperature of a solar module (and a water splitting device) under practical conditions
is typically in the range of 60 °C [187,188]. Therefore, it is important to evaluate
the effect of an elevated temperature on the photovoltaic performance®, which was
measured for the herein developed multijunction solar cells from 25 °C to 60 °C,
exemplarily for a tandem (a-Si:H/a-Si:H 130/130, Table 5.3), a triple (a-Si:H/a-
Si:H/pc-Si:H T6, Table 5.5), and a quadruple junction solar cell (Q3, Table 5.6). As
example, Fig. 5.18 depicts the j-V characteristics of the triple junction solar cell
(a-Si:H/a-Si:H/pc-Si:H cell T6) as a function of the operating temperature Ty in
5 °C steps. The respective j-V curves of the tandem and quadruple junction solar
cell can be found in Fig. Al(a) and (b), respectively.
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Fig. 5.18 Current density-voltage j-V curves of the a-Si:H/a-Si:H/uc-Si:H
triple junction solar cell at various operating temperatures T'op. The tempera-
ture range between 25 °C and 60 °C was investigated in steps of 5 °C.

Like all semiconductor based devices, solar cells are sensitive to temperature

8Some of the results presented in this section were published in F. Urbain, et al., Mater. Sci. Sem.
Proc. 42 (2016), 142-146 [189).
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variations [190]. In particular, the band gap energy of the absorber usually decreases
with increasing temperature. Therefore, mainly Voc and Jsc are affected. In general,
Voc decreases and Jgc increases (only slightly) upon a temperature increase. As
long as the fill factor is not significantly affected, the photovoltaic efficiency of solar
cells decreases in general with increasing temperature.

This behavior was also observed for the herein shown triple junction solar cell
(see Fig. 5.18 and Table 5.8). A clear trend can be observed in this investigated
temperature range: Vo decreased with increasing Top by approx. 30 mV per 5 °C
from 2279 mV to 2035 mV. On the contrary, Jgc slightly increased from 8.18 mA /cm?
to 8.35 mA/cm? when the temperature of the solar cell was rised from 25 °C to
60 °C. Overall, however, the gain in Jgc cannot compensate the loss in Vg. The
fill factor values did not change significantly in the investigated temperature range.
As a result, npy decreased from 13.1 % to 12.1 % with increasing temperature. All
photovoltaic parameters of the three solar cell types (tandem, triple, and quadruple)
can be found in Table 5.8 for Ty, of 25 °C and 60 °C, respectively.

Table 5.8 Overview of the photovoltaic parameters evaluated at room tem-
perature and at 60 °C for a-Si:H/a-Si:H tandem, a-Si:H/a-Si:H/uc-Si:H triple,
and a-Si:H/a-Si:H/uc-Si:H/pe-Si:H quadruple junction solar cells. The corre-
sponding j-V measurements were conducted without additional anti-reflection
foils.

a-Si:H/a-Si:H | a-Si:-H/a-Si:H/ | a-Si:H/a-Si:H/
ue-Si:H pe-Si:H/ pe-Si:H
25°C 60°C|25°C 60°C |25°C 60°C

ey (%] 105 102 | 132 123 | 129 119
Voc mV] 1913 1762 | 2272 2026 | 2798 2470
FF (%) 73.6 745 | 702 712 | 688  69.2

Jsc [mA/em? | 76 7.9 | 83 85 | 67 6.9
Vapp [mV] 1580 1488 | 1870 1685 | 2280 2012
JMPP [H’lA/CIII2] 6.7 7.0 7.0 7.2 5.7 6.0

A more pronounced increase of the photocurrent density for the three cell types
was maybe hampered by current limitations of one of the sub cells. The photovoltaic
efficiency decreased for all solar cell types in the investigated temperature range. From
Table 5.8 it becomes apparent that the decrease in the open-circuit voltage A Ve
increased from the tandem to the quadruple configuration (A V¢ tandem = —150 mV,
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AVocipe = —250 mV, and AV oc quadruple = —320 mV). This observation can
be understood, as the number of absorber layers, i.e. the sensibility of the open-
circuit voltage, increases from tandem to quadruple configuration. In summary,
npy of the a-Si:H/a-Si:H solar cell slightly decreased by 0.3 %, while npy of the
triple and quadruple junction solar cells decreased by approx. 0.9 % and 1.0 %,
respectively. The findings of this section will be again considered in Section 6.3,
where the performance of photoelectrochemical devices is investigated with respected
to the operation temperature.

5.8 Summary and conclusions

Overall, the presented photovoltaic development deviates from prevalent routes,
which aimed rather at record electrical conversion efficiencies. The optimisation
routes presented in this chapter for the single and multijunction solar cells focused
on high V¢ without impairing the conversion efficiency of the devices. Nevertheless,
the conversion efficiencies of the multijunction junction solar cells developed in
this work are very close to the highest efficiencies reported for solar cells made of
thin film silicon [191]. In the following the main results will be summarised and
discussed. Furthermore, the implication of the findings for the application in solar
water splitting, especially for the multijunction solar cells, will be elaborated.

Voc tunability in a-Si:H single junction solar cells

The optimisation of the a-Si:H single junction solar cells, presented in Section 5.2.2,
focused on high Ve and was conducted as a function of SC' and T. In total, the
open-circuit voltage in a-Si:H single junction solar cells could be systematically tuned
in a range of approx. 150 mV by varying SC and T’ (see Fig. 5.3). Both parameters
influence the hydrogen content in the intrinsic material, which in turn influences
the optical gap Eo4 [98]. To elucidate the Egs-Voc relationship, Fig. 5.19 shows
the V¢ data of the a-Si:H solar cells as a function of Ey, of the respective a-Si:H
absorber layers. As one would expect, V¢ increased with Ey4 of the absorber layer.

Nevertheless, the concomitant issues related to the usage of low-temperature
fabricated a-Si:H material shall not be neglected. In general, a reduction in the
deposition temperature (below 180 °C) may lead to a reduction in device performance
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Fig. 5.19 Open-circuit-voltage Voc of a-Si:H single junction solar cells as a
function of the optical gap energy Eo4 of the respective intrinsic a-Si:H absorber
layers. The dotted line serves as a guide to the eye.

due to an increasing defect density of the a-Si:H material [165]. Here, the focus
was, however, primarily set on the development of devices with high adjustable
photovoltages, rather than on high conversion efficiencies. Yet, as shown in Fig. 5.3,
the adjustment of the silane concentration together with T, allowed to fabricate
solar cells with reasonable conversion efficiencies even at a very low deposition
temperature of below 180 °C. Hence, the high voltage/high efficiency gap could be
partly reduced.

Another generally observed problem associated with the application of low-
temperature processed a-Si:H cells is the considerable LID of this material [43].
However, as presented in Section 5.6, the effect of LID can be attenuated when the
low-temperature a-Si:H material is integrated in multijunction solar cells.

Voc tunability in pc-Si:H single junction solar cells

The aim of the development of the pc-Si:H single junction solar cells was specifically
to relax the tradeoff between high open-circuit voltages and high photocurrents, also
in advance to the usage in multijunction solar cells. The development routes of
pe-Si:H single junction solar cells with high V¢ presented in 5.3 consisted in the
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reduction of the intrinsic uc-Si:H absorber layer thickness, in the SC profiling, and in
the buffer layer incorporation. All the routes distinctly contributed to the closure of
the high voltage/high current gap and considerably improved the open-circuit voltage
in pc-Si:H single junction solar cells. In total, the development of high voltage pc-Si:H
solar cells showed that V¢ can be varied over a 100 mV range from 480 to 580 mV.
Within this voltage range, the photocurrent density was kept at a reasonable high
level. For instance, a conversion efficiency of 8.1 % along with an open-circuit voltage
Voc of 570 mV was achieved for a 650 nm thick solar cell. Furthermore, it was
shown that V¢ of the single junction solar cells can be increased in small steps
of 10-20 mV, which is of importance when applied in multijunction solar cells to
precisely adjust the photovoltage at high values (over 2.0 V).

a-Si:H and puc-Si:H based multijunction solar cells

Subsequently the a-Si:H and pc-Si:H absorber layers were implemented in multijunc-
tion solar cells. It was found that the open-circuit voltage of these solar cells can be
tuned in both large (600 mV) and small (20-50 mV) steps from 1.5 V to 2.8 V in
Voc and from 1.3 V to 2.3 V in Vypp. Fig. 5.20 displays the achieved V¢ as a
function of Jg¢ of the developed single and multijunction solar cells.
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Fig. 5.20 Open-circuit voltages Voc as a function of the short-circuit pho-
tocurrent densities Jgc of the developed a-Si:H and pc-Si:H based single
and multijunction solar cells. The grey dotted lines indicates a photovoltaic
efficiency npy of 10 % and 14 %, respectively, assuming a FF of 72 %.
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Fig. 5.20 nicely shows the Vg-Jso tradeoff of thin film silicon solar cells
mentioned earlier. The presented development routes allowed to tune the V¢ data
of the photovoltaic cells over a wide range while keeping the device efficiency over
11 % for the multijunction solar cells. The highest efficiency in combination with a
high Vg of 2.3 V was achieved with the a-Si:H/a-Si:H/uc-Si:H triple junction solar
cells, which exhibited a photovoltaic efficiency of 13.6 %. Overall, the ability to vary
the photovoltaic parameters over a wider range, as presented in Fig. 5.20, is vital to
fulfil the particular requirements of various PV-EC systems with different catalyst
overpotential losses, i.e. when different voltage requirements are implied, as will be
discussed in the next chapter.

To elucidate this further, Fig. 5.21 illustrates the effect of the overpotential
losses on the solar-to-hydrogen efficiency of a PV-EC device based on the developed
multijunction solar cells. The illuminated j-V curves of the developed tandem, triple
and quadruple junction solar cells are plotted and linked to the theoretical operation
point of a PV-EC device. In an ideal system without overpotential losses, the PV-EC
device would operate at a voltage of 1.23 V of the solar cell, indicated by a straight
vertical dashed line in Fig. 5.21. In real systems overpotential losses cause that the
operation point is shifted towards more positive bias, as indicated in Fig. 5.21. The
photocurrent density jo, at this required voltage can be translated to a maximum

STH efficiency nstH,,,, (under the assumption of 100 % faradaic efficiency) of the

PV-EC device using Eq. 4.4. Assuming that all the PV parameters of the solar cells
remain unchanged when they are integrated in a PV-EC device, Fig. 5.21 then allows
to illustratively predict the performance of PV-EC devices based on the developed
solar cells. On the right ordinate, the STH efficiency, calculated according to Eq. 4.4,
is plotted and can be read at the crossing point of the solar cell j-V with the operation

point line at the respective overpotential from the upper abscissa.

As can be deduced from Fig. 5.21, the a-Si:H/puc-Si:H tandem junctions could
provide a maximum STH efficiency over 10 % when the PV-EC device would operate
ideally, i.e. without any overpotential losses. When considering losses, triple and
quadruple junction photocathodes seem to be more beneficial. Based on the presented
photovoltaic results it is already possible to derive the practical performance limits of
the state-of-the-art thin film silicon technology for water splitting applications. The
measurements of the real PV-EC devices will be shown in the following chapter.
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Fig. 5.21 Illustration of the achievable solar-to-hydrogen efficiency nsTH,,,.
in PV-EC devices for water splitting based on thin film silicon solar cells. The
illuminated j-V curves of the tandem, triple, and quadruple junction solar cells
are linked with the theoretical operation point of a PV-EC device at 1.23 V
(dashed vertical line, without overpotential losses). In real PV-EC devices this
operation point is shifted due to overpotential losses, which are plotted on the
upper abscissa. The right ordinate depicts the achievable STH efficiency as
a function of the respective photocurrent density at a certain overpotential
multiplied by the value of 1.23 (see Section 4.4).

Stability against LID and temperature increase

The effects of light induced degradation and increased operating temperatures on the
photovoltaic performance of the developed solar cells were also investigated. Light
soaking experiments (1000 h light exposure) revealed an excellent stability against
LID for the a-Si:H/puc-Si:H, the a-Si:H/uc-Si:-H/pc-Si:H, and the quadruple junction
solar cells, for which the conversion efficiency degraded less than 5 %. The highest
stabilised conversion efficiency of 12.6 % was achieved with the quadruple junction
solar cell. The a-Si:H/a-Si:H/puc-Si:H cell, which showed the highest initial efficiency,
degraded around 13 %, and had a stabilised efficiency of 11.5 %.

By increasing the operation temperature from 25 °C to 60 °C, a clear trend of
decreasing V oc with increasing T\, was observed. Furthermore, it became apparent
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that the decrease in the open-circuit voltage A Vo increased from the tandem to the
quadruple junction configuration. On the contrary, the Jsc data slightly increased
when T, was increased. Overall, however, the gain in Jgc could not compensate the
loss in Vo, as the fill factor values did not change significantly in the investigated
temperature range. As a result, npy decreased for all investigated cell types with
increasing temperature. The impact of LID and temperature increase for the PV-EC
device performance will be discussed in detail in the following chapter.






6 Thin film silicon based
photovoltaic-electrochemical
devices

This chapter presents the results on the application of the developed
high voltage multijunction solar cells as photocathodes in photovoltaic-
electrochemical devices for water splitting. First, the solar cell/electrolyte
interface is highlighted. This contact plays a magjor role in the PV-EC
device, not only in terms of the optical and catalytic properties, but also
regarding the electrochemical stability of the device. The three aspects are
discussed in Section 6.1. In the following part of this chapter, the focus
1s set on the performance of the PV-EC devices for water splitting. In
Section 6.2 the current density-voltage characteristics of the multijunction
based PV-EC devices are evaluated as a function of the used HER catalysts
and as a function of the used electrolyte solution. Furthermore, the
influence of light induced degradation of the solar cell component on the
PV-EC device performance is examined. The results on the modeling of
the integrated PV-EC device system can be found in Section 6.5. It is
shown that the model, which was introduced in Section 4.3, exhibits a very
good agreement with the experimental results and allows for a detailed
analysis of the relevant system losses. In this regard, it is demonstrated
that the model can be further used to predict the efficiency limits for thin
film silicon-based PV-EC devices and to investigate the effect of elevated
operation temperatures and different catalyst materials for the HER and
OFER, respectively, on the solar-to-hydrogen efficiency. The chapter is
finally concluded in Section 6.4.

6.1 Photocathode/electrolyte contact

As already pointed out in Section 2.3.4, the photocathode/electrolyte contact has
to fulfil several tasks. While the metal contact in a solar cell merely has to provide
sufficient reflection of light and charge carrier collection, the photocathode contact is
implemented for multiple purposes:
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o like in the PV cell, it functions as a back reflector for transmitted photons
and thereby increases the probability of photon absorption and charge carrier
generation in the absorber layer(s), and thus enhances the photocurrent of the
device,

e it provides a good electrical contact to the photoelectrode,
e it protects the silicon solar cell against corrosion, and

e it should enhance the catalytic activity and thus, lower the overpotential for
the HER.

Additionally, it preferably consists of earth-abundant materials. Considering this
broad range of demands, the metal contact design has to be chosen carefully'.

6.1.1 Catalytic and optical properties of single metal layer
contacts

In this work, thin layers of gold (Au), titanium (T1i), platinum (Pt), nickel (Ni),
aluminum (Al), copper (Cu), and silver (Ag) were deposited by electron beam
evaporation at a thickness of 300 nm on glass substrates, to ensure a compact
film. Subsequently, the layers were evaluated with regards to their catalytic activity,
regarding the cathodic overpotential nurr for the HER. Fig. 6.1(a) displays the
nuer values of the metals that were evaluated from the corresponding linear sweep
voltammetry measurements (voltammograms) in 0.1 M KOH and 0.1 M HySOy,
shown in Fig. 6.1(b) and (c), respectively. The potentials of these voltammograms
were corrected by the jR-drop in the electrolyte. The nyrr values were taken at a
current density of —7 mA /em?, which represents a reasonable operation photocurrent
density of a PV-EC device [144]. Furthermore, the same metals were deposited
as reflecting contacts (approx. 300 nm on the pure Si surface without ZnO:Al) on
a-Si:H/a-Si:H tandem solar cells (cell 130/130 from Table 5.3 in Section 5.4) to
evaluate their optical performance in terms of Jgc. The illuminated j-V curves of
the different tandem solar cells can be found in Fig. 6.1(d).

From Fig. 6.1(d) it is apparent that Ag and Al are the most efficient back
reflectors and provided 7.7 mA /em? and 7.3 mA /em? as back contact in the a-Si:H/a-
Si:H solar cell, respectively. The solar cells coated with the other investigated metals

1Some of the results presented in this section were published in F. Urbain, et al., Chem. Phys.
Lett. 638 (2015), 25-30 [179).
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Fig. 6.1 (a) Cathodic overpotentials (at —7 mA /cm?) measured in 0.1 M KOH
(light blue circles) and in 0.1 M HaSOy4 (red squares) for Au, Cu, Ti, Ni, Ag, Pt,
and Al evaluated as single layers on ZnO:Al coated glass substrates. (b) Linear
sweep voltammetry measurements, conducted in 0.1 M KOH, of single metal
layers (approx. 150 nm of Al, Au, Ag, Cu, Ti, Ni, Pt) on glass substrates at a
scan rate of 10 mV/s. (c) The same measurements conducted in 0.1 M HySO4.
The data in (b) and (c) were corrected by the electrolyte series resistance, which
was measured by electrochemical impedance spectroscopy. The overpotentials
presented in Fig. 6.1(a) are taken at a current density of —7 mA/cm? in (b)
and (c). (d) Current density-voltage j — V' measurements of the a-Si:H/a-Si:H
solar cells (cell 130/130 from Table 5.3 in Section 5.4) with different metallic
back reflecting layers as back contact (approx. 300 nm).

as reflecting contacts (Pt, Cu, Au, Ni, and Ti) provided lower Jgc values. However,
the optical and catalytic properties of the investigated metals deviated significantly.
For instance, Ag functions as the best reflecting metal, but is not efficient as HER
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catalyst because its overpotential in both electrolyte solutions exceeded 600 mV at
—7mA/cm? (see Fig. 6.1(a)). Pt, on the other hand, provides a very low overpotential
of around 70 mV in 0.1 M H,SO, and even only 30 mV in 0.1 M KOH (see Fig. 6.1(a)).
Al as a non-precious and earth-abundant material, is a more suitable back reflector
(see Fig. 6.1(d)) than a HER catalyst, as its catalytic activity was the lowest of
all tested metals with an overpotential of around 1000 mV in 0.1 M KOH and
0.1 M H,SOy (see Fig. 6.1(a)). Ni commended itself with the second best catalytic
activity among the tested metals and exhibited 220 mV and 290 mV overpotential in
KOH and H,SOy, respectively (see Fig. 6.1(a)). As can be deduced from Fig. 6.1(d),
the optical properties, however, were rather poor (Jsg = 6.4 mA/cm?). Cu, Au
and Ti were less catalytically active than Pt and Ni. Owverall, this result clearly
showed that there is a tradeoff between the optical and the catalytic properties of the
investigated single metal layers. Instead of single layers, the feasibility of metal layer
stacks as photocathode contacts therefore would be beneficial and was subsequently
investigated. In this way, the aforementioned advantages of the individual metals
can be combined.

6.1.2 Metal stacks as photocathode contact

Based on the results depicted in Fig. 6.1(a) and (d), Pt and Ni were chosen as HER
catalyst materials, whereas Ag and Al were selected as suitable back reflecting metals,
respectively. The measurements were conducted in 0.1 M KOH. Furthermore, the
cost effectiveness was considered by fabricating two metal stacks: (i) an expensive,
precious metal stack of Ag and Pt and (ii) a low-cost and earth-abundant stack of
Al and Ni. In both cases, the catalyst layers, namely Pt and Ni, entirely covered the
reflecting Ag and Al metals, respectively, and by this also acted as protection layers.
As an example, the costs for the deposition of 100 nm of various metals on 1 cm?
area were compared in Fig. A2. The linear sweep voltammetry measurements of the
photocathodes with the accordingly adapted contact design are shown in Fig. 6.2.
The underlying a-Si:H/a-Si:H tandem structure was the same as cell 130/130 from
Table 5.3. From this measurements the onset potential for cathodic current F et
(dark dashed line in Fig. 6.2) and the photocurrent density Jo at 0 V vs. RHE (see
upper abscissa in Fig. 6.2), which correlate with the open-circuit voltage Voc and
the short-circuit current density Jgc of the solar cells [85], were determined for the
photocathodes and are listed in Table 6.1.

From Fig. 6.2 and from Table 6.1 it can be deduced that the layer stack concept
can be successfully applied on the a-Si:H/a-Si:H photocathodes because the optical
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Fig. 6.2 Linear sweep voltammetry measurements under AM 1.5 illumination
(100 mW /cm?) of the photocathodes with different metal contact designs (same
a-Si:H/a-Si:H tandem structure as cell 130/130 from Table 5.3). The single
metal layer back contacts are assigned as follows: orange dashed curve: Al;
blue dotted curve: Ag; light blue dotted curve: Ni; grey dashed curve: Pt. The
stacks of two metal layers combine the optical and the catalytic properties of
each individual metal and are assigned as follows: red dashed curve: Al/Ni;
green solid curve: Ag/Pt. The measurements were conducted in 0.1 M KOH
at a scan rate v of 30 mV/s. The photoelectrochemical parameters are listed
in Table 6.1. The potential of the photocathode is plotted versus the RHE and
versus the Ag|AgCl reference electrode on the upper and on the lower abscissa,
respectively. Fopset is taken at a photocurrent density value of -0.5 mA/ cm?.

and catalytic properties of each metal were maintained. Jg¢ and Jo values stayed the
same (differences within a few percent) upon usage of the same back reflecting metal
(metal layer on top of the silicon device) for the solar cell and the photocathode,
respectively. This can be understood because the light absorption and the mechanisms
of the photogenerated charge carrier separation of the solar cell remained unaffected
when used as photocathode in the photoelectrochemical arrangement. Furthermore,
the Jy values of the photocathodes with single back reflecting layers of Al and Ag,
respectively, were not changed when other metals were deposited on top of these
photocathodes (compare Jg for Ag and Ag/Pt and for Al and Al/Ni in Fig. 6.2).
This was additionally confirmed by reflectance measurements of single and stacked
metal contacts, as exemplarily shown for Ag and Ag/Pt in Fig. 6.3.
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Table 6.1 Overview of the photovoltaic and the photoelectrochemical pa-
rameters of the photocathodes with different metal contacts. The respective
metal layer thicknesses are indicated in the second column. .Jy denotes the
photocurrent density at 0 V vs. RHE. The onset potential for cathodic current
E onset Was taken as the value at a photocurrent density of —0.5 mA /cm? from
Fig. 6.2. The short-circuit current density Jgc for the corresponding solar cells
were taken from Fig. 6.1(d).

Photocathode Thicknesses Jo Fonset Jsc
contact [nm] [mA/cm?  [mV vs. RHE] [mA/cm?]

Ag 300 7.7 1343 7.7

Pt 300 7.1 1745 7.1

Ag/Pt 300/150 7.7 1752 7.7

Al 300 7.2 855 7.2

Ni 300 6.5 1683 6.5

Al/Ni 300/150 7.2 1692 7.2

reflectance R [%)]

400 600 800 1000 1200
wavelength A [nm]

Fig. 6.3 Reflectivity measurements of a-Si:H/a-Si:H solar cells with different
back contacts consisting of ZnO:Al and a single metal Ag layer (solid) and a
metal layer stack of Ag and Pt (dotted line).
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The good catalytic activity of Pt and Ni, with respect to the F,.s values,
was also maintained when they were deposited as catalyst layers on top of highly
reflecting metals, such as Ag and Al, respectively (compare Eueet for Pt and Ag/Pt
and for Ni and Al/Ni in Fig. 6.2). The E et values for the Ag/Pt and the Al/Ni
contacted devices lie very close to the Ve values (approx. 1.9 V) of the Ag and Al
contacted solar cells, presented in Fig. 6.1(d). The Voc-Eonses differences were in
good agreement with the measured overpotentials of the single metal layers shown in
Fig. 6.1(a).

By depositing Pt as HER catalyst on top of the a-Si:H/a-Si:H/ZnO:Al/Ag
photocathode, the F.s value was significantly shifted in positive bias direction
providing an Fopset of 1752 mV vs. RHE (from 1343 to 1752 mV vs. RHE) with
a photocurrent density at 0 V vs. RHE of 7.7 mA/cm?. At the maximum power
point (MPP) the a-Si:H/a-Si:H/ZnO:Al/Ag/Pt photocathode provided 6.6 mA /cm?
at 1195 mV vs. RHE. The anodic shift in F,u from the Al to the Al/Ni layer
stack contacted photocathode was over 800 mV from 855 to 1692 mV vs. RHE. In
the MPP the a-Si:H/a-Si:H/ZnO:Al/Al/Ni photocathode exhibited 6.3 mA/cm? at
1160 mV vs. RHE. Although the photocurrent density and the onset potential for
cathodic current were lower compared to the photocathode with the Ag/Pt designed
contact, this photocathode is an all-earth-abundant and precious metal-free device,
and thus very alluring for low-cost and efficient water splitting applications. From
Fig. A2 it can be deduced that Al/Ni vs. Ag/Pt offers a significant cost reduction
(more than 1000 times), with respect to the used thicknesses (300/150 nm) and area
(1 x 1 cm?).

A good electrochemical stability against corrosion is an additional requirement
for photocathode contacts. In this regard, the long-term stability of the a-Si:H/a-Si:-H
photocathode with Ag/Pt contact was monitored. Concerning the Al/Ni contact,
primarily the delamination of the Al layer hindered longer operations (less than 20
minutes of operation, data not shown). This problem may be solved by integrating
very thin adhesion layers, for example, Chromium or Titanium between the Si surface
and the Al layer [192,193]. The adhesion layer would have to be as thin as possible
in order to ensure a good reflectivity from the subsequent Al layer.



120 6 Thin film silicon based photovoltaic-electrochemical devices

Fig. 6.4 shows the potentiostatic measurement of the Ag/Pt contacted photo-
cathode in 0.1 M KOH biased at 0 V vs. RHE. During the measurement periodical
fluctuations in the photocurrent density were caused by repetitive accumulation and
detachment of Hy bubbles at the photocathode surface. Nevertheless, a stable pho-
tocurrent density of around 7.7 mA /cm? was measured over the course of four hours
of operation.
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Fig. 6.4 Potentiostatic measurement of the a-Si:H/a-Si:H photocathode with
an Ag/Pt contact at 0 V vs. RHE under AM 1.5 illumination. The measurement
was conducted in 0.1 M KOH over the course of four hours of operation.

In summary, the presented results demonstrate that the photocathode metal
contact requires careful designing as it needs to fulfil several tasks at once. The usage
of stacked metal layers as contact therefore becomes necessary and it was shown
that this allows to combine advantages of each individual layer, with respect to light
reflection, catalysis, low cost, and photostability.
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6.2 Multijunction based PV-EC devices

So far, only the HER half-cell reaction at the photocathode was examined, while the
OER reaction at the anode side was neglected in the three-electrode measurement. To
investigate the complete PV-EC device characteristics, two-electrode measurements
have to be conducted and are presented in this section?.

Fig. 6.5 depicts the voltammograms in the two-electrode configuration of the PV-
EC devices based on the multijunction solar cells developed in Chapter 5 (see initial
cells in Table 5.7). The measurements were conducted in 0.1 M KOH and Pt was
used as HER catalyst layer (approx. 150 nm) on top of the solar cell Ag contacts
(same Ag/Pt contact as shown in the preceding section). As already discussed in
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Fig. 6.5 Linear sweep voltammetry measurements of the PV-EC devices based
on thin film silicon multijunction solar cells (same initial cells as in Table 5.7)
with a 150 nm thick Pt layer as HER catalyst on top of the Ag contact and
a RuOy counter electrode for the OER reaction. The measurements were
conducted in 0.1 M KOH at a scan rate of 30 mV/s. The right ordinate depicts
the achievable STH efficiency as a function of the photocurrent density at 0 V
applied bias (according to Eq. 4.4).

2The results presented in this section were published in F. Urbain et al., Energy Environ. Sci. 9
(2016), 145-154 [144].
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Section 4.2.2 and 4.3, the shape of the curves differs from the pure solar cell j-V
presented in Fig. 5.21. In particular FF and V¢ were reduced, mainly because of
the electrolyte resistance and the overpotential losses at the electrode surfaces (Pt
and RuQ,), respectively. The saturation photocurrent is slightly reduced compared
with the j-V measurement on the solar cells, because for the PV-EC measurements
no anti-reflection foil was used.

As could be predicted from Fig. 5.21, the measurement shown in Fig. 6.5 con-
firmed that the photovoltage generated by the a-Si:H/puc-Si:H tandem photocathode
was not sufficient to operate this water splitting device in its maximum power point
(MPP) in real operating conditions. Even though the device provided the highest
Jsc of all investigated solar cell types (see Fig. 5.21), it only operated at j,, of
0.5 mA/cm? in the PV-EC device configuration. This result demonstrated that
the open-circuit voltage Voc of 1.5 V provided by the a-Si:H/uc-Si:H solar cell
(see Table 5.2) is the minimum output voltage required to run this specific PV-EC
device for water splitting (Pt and RuOs as HER and OER catalyst, respectively, and
0.1 M KOH electrolyte solution) bias-free.

The a-Si:H/a-Si:H based device generated 4.8 mA /cm? as j,p,. Its operation point
lied in the steep slope of the voltammogram, where small variations in the PV-EC
voltage will result in large changes in j,,. Although the a-Si:H/pc-Si:H/pc-Si:H
triple junction devices provided a higher V¢, and consequently a higher F et (as
apparent in Fig. 6.5), j,, was not increased compared to the a-Si:H/a-Si:H tandem
devices. Here, further improvements in the fill factor of the a-Si:-H/pc-Si:H/pc-Si:H
solar cell have to be made in order to reach the MPP photocurrent in the short-
circuit condition, and thus, achieve a higher STH efficiency. The highest operation
photocurrent density j,, was provided by the a-Si:H/a-Si:H/pc-Si:H based PV-EC
device. The device operated close to its MPP at 7.1 mA /em?, which corresponds to
an estimated STH efficiency of 8.7 %. The operation point of the quadruple junction
device lied in the current plateau region at 6.3 mA /ecm?. Albeit the corresponding
7.6 % STH efficiency was lower compared to the a-Si:H/a-Si:H/uc-Si:H device for
the respective used catalysts, jop of the device was located in a relatively flat region
of the voltammogram (current plateau region). Hence, this device provided a certain
‘excess’ voltage, which offers a higher flexibility in choosing other non-precious
catalyst materials, as will be discussed in the following section. Please note that
the assumption of a faradaic efficiency of 100 % for the system under study was
confirmed by a volumetric measurement of the evolved gases (see Section 4.4).
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6.2.1 Influence of the catalyst

From Fig. 6.5, it can be deduced that for an approx. 200 mV increase in overpotential
losses the quadruple based device would exhibit a higher j,, than its a-Si:-H/a-
Si:H/uc-Si:H triple junction counterpart. To validate this result, Ni, instead of Pt,
was deposited on top of the Ag contact of the quadruple and triple junction solar
cell. Ni is catalytically less active than Pt, but as a non-precious and earth-abundant
catalyst material it is alluring due to its lower cost [194]. The comparison between
the measured voltammograms of the triple and quadruple junction based PV-EC
devices with Pt and Ni layers as HER catalysts, respectively, is shown in Fig. 6.6.
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Fig. 6.6 Linear sweep voltammetry measurements of PV-EC devices based
on a-Si:-H/a-Si:H/puc-Si:H triple and quadruple junction photocathodes with a
RuO4 counter electrode for the OER reaction. For the HER reaction, 150 nm of
Ni (dotted curves) and Pt (solid curves) were deposited on top of the Ag solar
cell contacts, respectively. The measurements were conducted in 0.1 M KOH
at 30 mV/s. The right ordinate depicts the achievable STH efficiency as a
function of the photocurrent density at 0 V (see Eq. 4.4).

As expected, the operation photocurrent density j,, for the Ni-coated triple and
quadruple devices was lower compared to the platinised devices. But, the a-Si:H/a-
Si:H/uc-Si:H based device showed a significant decrease in j,p, from 7.1 to 6.1 mA /cm?,
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while j,, for the quadruple based device only decreased by 0.1 mA/cm? when Ni
was used as a catalyst layer instead of Pt. Both Ni-coated devices operated at
the same photocurrent density of 6.1 mA/cm? (i.e. at the same estimated STH
efficiency of 7.5 %) in 0.1 M KOH. However, the operation point of the triple junction
based device lied in the steep slope of its current density-voltage characteristics,
where a slight deterioration of the device parameters, due to photocorrosion during
long-term operation for instance, could significantly deteriorate the STH efficiency.
The operation point of the quadruple based device, on the other hand, lied in the
plateau of its voltammogram, and thus, was less sensitive to potential changes in
the photovoltage or to variations of the electrolyte series resistance, i.e. variations
in the "fill factor” (see Section 4.2.2). Nevertheless, the devices shown in Fig. 6.6,
exhibited a rather poor "fill factor” due to the series resistance imposed by the 0.1 M
KOH electrolyte solution. Therefore, the influence of higher concentrated, i.e. high
conductive electrolytes will be elucidated in the following.

6.2.2 Influence of the electrolyte

The effect of the KOH electrolyte concentration on the performance and stability
of the triple (a-Si:H/a-Si:H/puc-Si:H) and quadruple junction based PV-EC devices
are shown in Fig. 6.7 and Fig. 6.8, respectively. In the case of the triple junction
based device an increase of 0.7 mA /cm? in the operation photocurrent density o to
7.7 mA/cm? was observed when 1 M KOH was used as electrolyte solution instead
of 0.1 M KOH. From Fig. 6.7 it becomes apparent that this increase was caused
by an improvement of the "fill factor” in the voltammograms of the triple junction
based PV-EC devices, as already mentioned in the foregoing section. In fact, as
discussed in Section 4.3, an increase in the electrolyte concentration reduces the
series resistance of the complete PV-EC device, which leads to an improved "fill
factor” [154]. According to Eq. 4.4, an STH efficiency of 9.5 % was estimated from
the jop value of 7.7 mA /cm? for the triple based PV-EC device with Pt as HER and
RuO, as OER catalyst.

Referring to a recently published overview of demonstrated STH conversion
efficiencies [32], this is the highest reported STH efficiency for an integrated thin
film silicon based photoelectrochemical device. A comparison of the reported solar-
to-hydrogen efficiencies of thin film silicon based solar water splitting systems is
given in Section 6.4 in Fig. 6.17. STH efficiencies over 10 % would become feasible
by using anti-reflection foils to enhance the saturation photocurrent densities of
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Fig. 6.7 Linear sweep voltammetry measurements of the a-Si:-H/a-Si:H/ uc-
Si:H and the quadruple junction based PV-EC devices with Pt and Ni catalyst
layers, respectively, in 0.1 M (solid curves) and 1 M KOH (dotted curves). RuOq
was used as a counter electrode for the OER reaction and the measurements
were conducted in 0.1 M KOH at a scan rate of 30 mV/s. The right ordinate
depicts the achievable STH efficiency as a function of the photocurrent density

at 0 V applied bias.

the a-Si:H/a-Si:H/pc-Si:H solar cell in the PV-EC device configuration by around
0.4 mA/cm? from 8.2 to 8.6 mA/cm? (see Fig. 5.21).

However, the issue of photocorrosion, particularly present for electrolyte con-
centrations of or above 1 M, need to be solved at the same time. Fig. 6.8 displays
the photocurrent density at 0 V applied bias monitored over a prolonged period of
time for the quadruple junction based device with a Ni HER catalyst and for the
a-Si:H/a-Si:H/pc-Si:H based device with a Pt HER catalyst in 0.1 M and 1 M KOH,
respectively. In 0.1 M KOH a stable photocurrent of approx. 6.1 mA/cm? and
7.0 mA /em?, respectively, was measured for both PV-EC devices over the course of
4 hours (approx. 15000 s). The periodical fluctuations in the photocurrent densities
were caused by repetitive accumulation and detachment of Hy bubbles at the photo-
cathode surface. The measurements in 1 M KOH revealed that both devices did not
operate longer than approx. 30 and 60 minutes with the Ni and the Pt HER catalyst,
respectively. This result confirms that a change in the pH value from approx. 13
(0.1 M KOH) to approx. 14 (1 M KOH) can cause significant effects on the stability



126 6 Thin film silicon based photovoltaic-electrochemical devices

_ 0 —r—rrre . S— — 0 §
NE | -----1 M KOH =
15 2 _—0.1 M KOH 42 g
< 3
£ {a =
~ 4 quadruple cell with >
>74r Ni HER catalyst Q
‘» 1 16 ©
S / \ Q
BF e =

s® - 8 O
c r—*‘—’d’\/‘/w‘/"ww T
e 8 oo ~.A__,»‘,A_._A._../:"i-" ‘ <|7)

= - - -

8 triple cell with Pt HER catalyst 10

1 1

100 1000 10000
PV-EC operation time ¢ [s]

Fig. 6.8 Chronoamperometric stability measurement monitoring the long-term
stability of the a-Si:H/a-Si:H/puc-Si:H and the quadruple junction based PV-EC
devices with Pt and Ni catalyst layers (on top of Ag contacts), respectively, at
0 V applied bias. The measurements were conducted in 0.1 M (solid curves)
and in 1 M KOH (dotted curves) under AM 1.5 illumination (100 mW /cm?).
RuO3 was used as a counter electrode for the OER reaction. The right ordinate
depicts the achievable STH efficiency as a function of the photocurrent density
at 0 V applied bias. The abscissa indicates the PV-EC operation time on a
logarithmic scale.

of the PV-EC devices. In particular, pitting corrosion and subsequent delamination
of the metal contact stack at the solar cell/electrolyte interface prevented longer

operation times.

In this regard, the high photovoltage provided by the quadruple junction based
device offers an additional advantage. As apparent from Fig. 6.7 and from Fig. 6.8
(black curves), the increase in electrolyte concentration did not affect the opera-
tion photocurrent density of the quadruple based PV-EC device, which exhibited
6.1 mA/cm? as j,, for the measurements conducted 0.1 M and 1 M KOH, respectively.
This result can be understood, because the device operated in the current plateau
region, where an improved "fill factor” did not improve the current density (see
Fig. 6.7). This overall shows that quadruple junction solar cells not only promote
the usage of cheaper catalyst materials, but also allow for the operation in low-
concentrated electrolytes without impairing the device efficiency, and thus, for an
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increased long-term stability of the device and the catalysts.

Concerning the aspect of stability, also the stability against LID affects the
PV-EC device performance. In this regard, the high stability against LID of the
quadruple junction solar cell, presented in Section 5.6, might offer an additional
advantage and will be discussed in the following section.

6.2.3 Influence of light induced degradation

In Section 5.6 the effects of light induced degradation of the silicon layers with
respect to the photovoltaic parameters of the developed multijunction solar cells
were examined. Here, the focus is set on the impact of LID on the solar-to-hydrogen
efficiency for silicon based PV-EC devices®. To evaluate the effect of LID on the
PV-EC device performance, the stabilised solar cells (after 1000 h of light soaking,
see Table 5.7) were used as photocathodes in PV-EC devices and compared to the
performance of the initial solar cell based PV-EC devices from Fig. 6.5. In Fig. 6.9
the initial and stabilised PV-EC device types are plotted together.

The voltammograms in Fig. 6.9 revealed that the solar cell related parameters,
such as the photocurrent densities, the photovoltages and the fill factors, showed
similar trends in the PV and in the PV-EC configuration upon LID. For instance,
as already apparent from Table 5.7, the "fill factor” of the a-Si:H/a-Si:H based PV-
EC device was stronger affected than the "fill factor” of the a-Si:H/a-Si:-H/puc-Si:H
based device. Nevertheless, jop, %.€. 7sTH,.., Was affected differently compared
to the photovoltaic efficiency npy. To elucidate this, Table 6.2 lists the estimated
initial and stabilised solar-to-hydrogen efficiencies of the PV-EC devices (75T,
along with the relative degradation in the PV-EC and in the PV
configuration (NSTHa /MSTH e sy @A 7PV/NPV stab), Which are presented in the last
columns of Table 6.2.

and nsTH

masstab )

For all cell types the relative efficiency degradation was less pronounced in the
PV-EC configuration than in the PV configuration, except for the a-Si:H/a-Si:H
based device. As apparent from Fig. 6.9, the strong decrease in "fill factor” shifted
the operation point of the a-Si:H/a-Si:H device to significant lower values, which is

why nsTH,..../ TS THpax s, WaS decreased compared to npy /TPV stab-

3Some of the results presented in this section were published in F. Urbain, et al., Sol. Energy
Mater. Sol. Cells 145 (2016), 142-147. [39]
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Fig. 6.9 Comparison of the current density-voltage characteristics of PV-EC
devices based on the initial (solid lines, same curves as in Fig. 6.5) and the
light soaked (“stabilised”, dotted lines) multijunction solar cells. A 150 nm
thick Pt layer was used as the HER catalyst and a RuOg counter electrode for
the OER reaction. The measurements were conducted in 0.1 M KOH at a scan
rate of 30 mV/s. The right ordinate depicts the achievable STH efficiency as a
function of the photocurrent density at 0 V applied bias.

The highest nsra,,,. ..., Of 7.6 % was provided by the quadruple junction and
by the a-Si:H/a-Si:H/uc-Si:H based PV-EC devices. Whereas the estimated solar-
to-hydrogen efficiency of the triple based device degraded by around 12 % upon
prolonged light exposure, the quadruple based device showed a high stability against
LID and degraded only by less than 2 %. The corresponding voltammogram in
Fig. 6.9 showed a slight shift in the onset potential for cathodic photocurrent density
(taken as the value at -0.5 mA /cm?) of approx. 50 mV (from 1360 mV to 1310 mV).
This corresponds to the reduction in V¢ from the initial to the stabilised state
for the quadruple junction solar cell (see cell Q3 in Table 5.7). The decrease of
FF after light soaking was apparent in both, the PV-EC and the photovoltaic
arrangement. However, in the PV-EC configuration, the reduction in FF did not
affect the operation point of the PV-EC device significantly, which after light soaking
of the solar cell still lied in the photocurrent plateau region (see Fig. 6.9).
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Table 6.2 Overview of the estimated initial and stabilised (after 1000 h of
light soaking) solar-to-hydrogen efficiencies of multijunction based PV-EC
devices. The NsTH,,. A0 NSTH, 0y oo vValues are evaluated from the jop values
in Fig. 6.9. The relative degradation of the solar-to-hydrogen efficiency is
also listed and compared to the degradation of the photovoltaic efficiency npy,
calculated from Table 5.7.

PV-EC Device STHpax  DSTHysias I5THuae/  1PV/

type (%] [%] 1S T sat, TPV stab
a-Si:H/pc-Si:H 0.61 0.60 0.98 0.95
a-Si:H/a-Si:H 5.8 4.2 0.72 0.88
a-Si:H/pe-Si:H/pe-Si:H 6.5 6.4 0.99 0.97
a-Si:H/a-Si:H/puc-Si:H 8.7 7.6 0.88 0.87
a-Si:H/a-Si:H/uc-SiH /pc-SiH 7.8 7.6 0.98 0.96

In total, it can be concluded that the degradation upon illumination (up to
1000 h) for the quadruple, the a-Si:H/uc-Si:H/puc-Si:H, and for the a-Si:H/puc-Si:H
based PV-EC devices is nearly negligible compared to degradation due to corrosion
of the electrodes, which leads to much more severe failure of the device. Please note
that actually the LID and the electrochemical stability cannot be linked to each
other that easily. Whereas the corrosion very abruptly degrades and destroys the
photoelectrode, the LID imposes a continuous degradation on the photoelectrode. In
the literature, typical electrochemical durabilites of silicon based photoelectrochemical
devices are in the range of less than 100 h [154,195,196]. For the a-Si:H/a-Si:H and
a-Si:-H/a-Si:H/pc-Si:H based PV-EC devices the impact of LID needs to be taken
into account, also in the PV-EC configuration.

6.3 Device analysis by modeling

So far, the fabricated PV-EC devices, composed of photovoltaic and electrochemical
components, were evaluated only by means of photoelectrochemical measurements.
This section highlights to what extend the PV-EC device characteristics can be
modeled in terms of a series connection of a solar cell and an electrolysis cell. In
the series circuit model, introduced in Section 4.3, the corresponding photovoltaic
and electrochemical components are decoupled. This allows to closely link the PV
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performance of the used solar cell with the PV-EC behavior of the integrated device,
from which the relevant loss processes in the overall system will be identified. The
model was further used to compare calculated and measured current density-voltage
characteristics of the investigated PV-EC device?.

6.3.1 Modeling of the current-voltage characteristics
System loss analysis

The two-electrode measurements shown in the preceding section (e.g. Fig. 6.5, Fig. 6.6,
or Fig. 6.7) display the overall behavior of the complete PV-EC device. However,
this data does not allow to quantitatively evaluate the individual contributions of the
PV-EC components separately. For this purpose, the PV-EC device must be treated
as a series connection of its four main circuit components: (1) the solar cell with the
Zn0:Al/Ag back reflector, (2) the HER catalyst layer, which was deposited on top of
the ZnO:Al/Ag back reflector, (3) the electrolyte, and (4) the anode. As presented
in Section 4.3, the current density-voltage characteristic Vpy.gpc(j) of the whole
PV-EC device can be calculated via Eq.4.1. For the implementation in the model,
noer(j) and nuger(j) can either be measured or modeled by using the Tafel relation
in combination with literature data (see Section 2.2.3). Here, norr(j) and nuger(j)
were measured in a three-electrode arrangement. The resistance of the electrolyte
R was determined by impedance spectroscopy and the j-V characteristics of the
solar cell Vpy(j) were measured under AM 1.5 illumination. The model underlying
series connection of the PV-EC device components is also shown in Section 4.3 in
Fig. 4.3.

In fact, as apparent from Eq. 4.1, the performance of the PV-EC cell is de-
teriorated by the relevant loss mechanisms in the system represented by nogr(j),
nuer(j), and R: The OER and HER overpotential at the anode and cathode surfaces,
respectively, and the ohmic drop due to the resistance of the electrolyte given by the
value of R. To graphically illustrate this, Fig. 6.10 shows the current density-voltage
measurements of the four circuit components. As example, an a-Si:H/a-Si:H tandem
junction cell was chosen as solar cell, the HER catalyst was a Pt layer, the OER
catalyst was a RuQO, coated electrode, and Hy,SO,4 was taken as electrolyte solution.
The hereout calculated current density-voltage characteristic Vpy.gc(j) of the PV-EV
device, based on Eq. 4.1, is also plotted in Fig. 6.10.

4Some of the results presented in this section were published in F. Urbain, et al., Sol. Energy
Mater. Sol. Cells 140 (2015), 275-280. [154]
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Fig. 6.10 Current density-voltage characteristics of the main four cir-
cuit components of the PV-EC device: j-V measurement of an a-Si:H/a-
Si:H/ZnO:Al/Ag solar cell (Vpy(j), black solid curve), voltammogram of the
RuOs anode in a 0.1 M HySOy4 solution at a scan rate of 5 mV /s (with the asso-
ciated nogr(j), orange dashed curve), voltammogram of the Pt HER catalyst
layer in a 0.1 M HaSOy4 solution at a scan rate of 5 mV /s (with the associated
nuer(J), green dashed curve), and resistance of the 0.1 M HyoSOy electrolyte
(JR, red dotted line). The current density-voltage characteristic of the PV-EC
device (Vpy.gc(j), blue dashed curve) was calculated based on Eq. 4.1.

This graph allows for a decoupled evaluation of the photoelectrochemical and
photovoltaic performance of the complete PV-EC device Vpy.gc(j) and of the
integrated solar cell Vpy(j), respectively, and highlights the main differences between
both. The saturation photocurrent densities and the "fill factors” showed the same
behavior as already discussed in Section 4.3 (see Fig. 4.4). The discrepancy in the
open-circuit voltage values for the PV and the PV-EC devices arises from the Pt
and the RuO, electrode overpotential losses, respectively.

Validation of the model by using empirical data

In order to validate the model, it was applied to several PV-EC device configurations
with different component assemblies (different solar cell types, different HER and
OER catalysts, respectively, and different electrolytes). The j — V data of the
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corresponding components were experimentally measured and implemented in the
model. Fig. 6.11 presents the comparison between the measured and calculated
current density-voltage characteristics of the exemplarily chosen PV-EC device from
Fig. 6.10 and two other PV-EC device configurations with varying device components
(solar cell type, HER/OER catalyst, and electrolyte).
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Fig. 6.11 Comparison of measured (solid curves, scan rate 30 mV/s) and
calculated (dashed curves) voltammograms of three PV-EC devices with dif-
ferent configurations. The blue curves represent the current density-voltage
behavior of a PV-EC device composed of an a-Si:H/a-Si:H tandem junction
solar cell with Pt and RuO2 as HER and OER catalyst, respectively, measured
in 0.1 M HsSOy4 (individual measurements can be found in Fig. 6.10). The
green curves show the current density-voltage characteristics of an a-Si:H/a-
Si:H/uc-Si:H triple junction based PV-EC device with Pt and RuO, as catalyst
materials, measured in 1 M KOH. The red curves display the current density-
voltage characteristics of a PV-EC device based on a quadruple junction solar
cell with Ni and IrOy as HER and OER catalysts, respectively, measured in
0.1 M KOH.

It is apparent that the calculated voltammograms nearly perfectly match the
experimental data and thus, mirror the overall behavior of the PV-EC device.
This confirms that the presented series circuit model allows for both, the separate
evaluation of the losses of the individual PV-EC components, as shown in Fig. 6.10,
and the prediction of the overall PV-EC performance considering these losses. The
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slight discrepancies may arise from fluctuations in the open-circuit potential region
during the individual HER and OER catalyst measurements. Additional fluctuations
may arise from interfacial charging effects at the catalyst/electrolyte double-layer
interfaces, respectively [58].

In conclusion, the presented empirical series circuit model offers a useful and
elegant tool to analyse and predict the performance of integrated PV-EC devices
based on experimental data of each individual functional component. Therefore, as
the model allows for the decoupled evaluation of all functional device components,
one can estimate to what extend an improvement of an individual component (e.g.
Voc and Jge of the solar cell or catalytic activity of the HER and OER catalyst
material) or a reduction of a specific loss mechanism (e.g. electrolyte resistance or
overpotential loss at one of the electrodes) would improve the overall PV-EC device
performance and increase STH efficiency further.

PV-EC device performance for different catalysts by using literature data

In Table 6.3 some of the state-of-the-art HER and OER catalyst materials are
listed along with their experimentally determined Tafel slopes and exchange current
densities, available from literature.

Table 6.3 Tafel slopes and exchange current densities of benchmarking catalyst
materials for the HER and OER. The corresponding literature references are
given in the last column.

Catalyst Tafel Exchange current

slope b density jo Reaction Reference
[mV/dec] [mA /cm?]

Pt 30 1.0 HER [197]
Ni 80 6.0 1072 HER [198]
Mo,C 78 441073 HER [199]
MoSs 50 6.9-10~* HER [200]
RuO, 42 1.2-10°4 OER [201]
10, 33 9.5-10° OER 201]
NiO, 63 2.5.104 OER [202]
[203]

Co304 49 2.0-1077 OER




134 6 Thin film silicon based photovoltaic-electrochemical devices

Fig. 6.12 shows the current density-voltage characteristics for different HER
and OER catalysts as obtained via Eq. 2.14 using the Tafel parameters provided
in Table 6.3. Obviously, the overpotentials nurr(j) and norr(j) at a given current
density are lowest for the very active catalysts Pt and RuQOs, respectively. CozO04
exhibits the highest overpotential among the three OER, catalysts and MoS; shows the
highest nurr(7). Thus, a better photoelectrochemical performance of the integrated
device can be expected when MoS, and Coz0O,4 are replaced by MosC, Ni, or Pt
as for the HER and by NiO,, IrO,, or RuO, for the OER. These expectations are
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02 00 12 14 16
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Fig. 6.12 Modeled current density-voltage curves of the HER and OER cata-
lysts considered in this section. The curves were computed via Eq. 2.14 using
the Tafel parameters provided in Table 6.3. As example, the overpotentials for
Ni (naEr(j)) and for IrOs (norr(j)) are indicated.

confirmed by Fig. 6.13 which plots the photoelectrochemical voltammograms of
an a-Si:H/a-Si:H tandem, of an a-Si:H/a-Si:H/uc-Si:H triple, and of a quadruple
junction based PV-EC device featuring different pairs of HER and OER catalysts.
An electrolyte resistance of 56 €2 was assumed (0.1 M KOH, see Table 6.4). This
investigation underlies the assumption that the given values of b and j, are applicable
for 0.1 M KOH electrolyte solution. In fact, only slight deviations in b and j, were
observed in strong alkaline or acid solutions [204].

Fig. 6.13(a)-(c) graphically illustrate the impact of the catalyst choice for the
PV-EC device performance. As expected, the usage of expensive and precious metal
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Fig. 6.13 Calculated voltammograms of a-Si:H/a-Si:H (a), a-Si:H/a-Si:H/jc-
Si:H (b), and quadruple junction (¢) based PV-EC devices with varying HER
and OER catalysts. The HER/OER catalyst combinations are: Pt/RuOg (yel-
low curves), Ni/IrO; (red curves), Moy /NiO, (purple curves), and MoSz/Co304
(black curves). The respective values of b and jo for the j-V calculation are taken
from Table 6.3. An electrolyte resistance of 56 Q was assumed (0.1 M KOH,
see Table 6.4). The respective solar cell type is indicated in the corresponding
figure. The right ordinate depicts the achievable STH efficiency as a function
of the photocurrent density at 0 V applied bias.
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HER and OER catalysts, such as Pt and RuO,, respectively, led to the highest
calculated photocurrent densities jo, at 0 V applied bias, and thus, to the highest
STH values. When cost-effective and more earth-abundant material combinations
are used to catalyse the HER and OER reactions, which suffer from lower reaction
kinetics, 7.e. higher overpotential losses, a clear shift of the onset potential for
cathodic current in negative bias direction was observed. In the case of the a-Si:H/a-
Si:H and a-Si:H/a-Si:H:/puc-Si:H based devices, this significantly affected the j,, of
the voltammograms. For the a-Si:H/a-Si:H devices the STH efficiency decreased from
6.2 % for a Pt/RuO, catalyst combination to 1.5 % for a MoS,/Co30, combination
(see Fig. 6.13(a)). Due to the higher photovoltages of the a-Si:H/a-Si:H:/pc-Si:H
cell, which led to higher onset potentials for cathodic current, the operation point of
the corresponding PV-EC devices was shifted more to the MPP (see Fig. 6.13(b)).
In this region of the voltammograms the decrease in STH efficiency (from 9.0 % to
7.0 %) was less pronounced compared to the a-Si:H/a-Si:H based devices. Finally, as
shown in Fig. 6.13(c), the j,, values for the quadruple based PV-EC devices remained
nearly unaffected by the variation of the HER and OER catalysts. In spite of the fact
that the STH efficiency for the Pt/RuOs catalyst combination (nstu,,,, = 7.8 %) was
lower compared to the a-Si:H/a-Si:H/uc-Si:H device (nsta,,., = 9.0 %), the quadruple
based device provided enough excess voltage to compensate the overpotential losses
of the cost-effective and earth-abundant catalyst materials. For the MoS,/Co304
HER/OER catalyst combination, the STH efficiency only slightly decreased to a
minimum STH efficiency of 7.5 %.

Overall, this result elucidates the importance in PV-EC devices to adapt the
photovoltaic to the electrochemical properties and vice versa. In this regard, the
tunability of the photovoltaic parameters, especially of the V¢, is a vital feature and
offers a lot of freedom in the design of all kinds of photoelectrochemical devices.

6.3.2 Temperature-dependent photoelectrochemical
performance

In this part, the effects of a temperature increase on the performance of PV-EC devices
are addressed exemplarily for the a-Si:H/a-Si:H/uc-Si:H triple junction solar cell®.
The investigation of temperature effects is a crucial aspect when the implementation
on an industrial level is considered. Herein, the temperature-dependent current

5The results presented in this section were published in F. Urbain, et al., Mater. Sci. Sem. Proc.
42 (2016), 142-146 [189].
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density-voltage behavior of the individual PV-EC device components were measured,
i.e. of the triple junction thin film silicon solar cell (see Section 5.7) and of both
catalyst carrying electrodes: a thin Pt layer attached on top of the solar cell for the
HER and a RuO, counter electrode for the OER. Furthermore, KOH was used as
an electrolyte and its resistance was measured as a function of the temperature for
concentrations of 0.1 M and 1 M. The current density-voltage behavior of the whole
device was finally obtained by merging the individual parts in terms of the empirical
series circuit model, presented in the preceding section. The results provide important
guidelines for the PV-EC operation parameters that account for various performance
trade-offs of the PV-EC components at different operation temperatures Tgy,.

Temperature dependence of the electrolyte resistance

Table 6.4 lists the resistance R of the electrolyte for the given set-up as a function of
the operation temperature Ty, for 0.1 M and 1 M KOH as determined by electro-
chemical impedance spectroscopy. The resistance linearly decreased with increasing
temperature for both electrolyte concentrations. In the 0.1 M KOH solution the
resistance decreased from 56.0 €2 to 35.3 2 and in the 1 M KOH solution a decrease
from 5.8  at 25 °C to 4.0 Q at 60 °C was measured.

The resistance of the electrolyte is strongly related to the mobility of the ions in
solution. A temperature increase stimulates higher ion mobility and thus, a lower
electrolyte resistance [205]. This trend was confirmed in the measurements for both
0.1 M and 1 M KOH, respectively.

Temperature dependence of the HER and OER catalysts

Fig. 6.14(a) and (b) depict the current density-voltage measurements of the Pt
and RuO; electrodes measured at various temperatures 7, in a three-electrode
configuration in 0.1 M and 1 M KOH solutions, respectively. For the Pt cathode, the
slight shift of the onset potential for the cathodic current density Fonst in anodic
direction as well as the steeper slope indicate that the HER catalysis was enhanced
with increasing temperature. In the case of the RuO, anode, a similar, however,
more distinct trend was observed. In 0.1 M KOH the onset potential for the anodic
current density Fose (taken at a value of 0.5 mA/cm?) was shifted in cathodic
direction by around 65 mV. Note that during the measurement, fluctuations in
the current density were caused by repetitive accumulation and detachment of Hy
bubbles covering parts of the electrode surface. In 1 M KOH, anodic F e shifted
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Table 6.4 The resistances R of the electrolyte for the used set-up with KOH
concentrations of 0.1 M and 1 M, respectively. The resistances were determined
by means of electrochemical impedance spectroscopy at different temperatures
of the electrolyte.

Temperature Ty, | Electrolyte resistance R

[C] (2]

0.1 M KOH 1M KOH

25 56.0 5.8
30 53.7 5.4
35 48.6 5.2
40 474 4.9
45 43.3 4.9
50 40.1 4.7
55 37.8 4.3
60 35.3 4.0

to more cathodic potentials by approx. 45 mV in the investigated temperature range.
Hence, the catalysis of the OER on the RuOs anode was also enhanced by elevated
operation temperatures in both 0.1 M and 1 M KOH solutions. The enhanced
catalytic performance with temperature can be related to a kinetically enhanced
charge carrier transfer from the catalyst material into the electrolyte at elevated
operation temperatures [206].

Temperature dependence of the PV-EC device

As it was previously shown, the PV-EC device can be separated into a series con-
nection of its components. Thus, for a given operation temperature the current
density-voltage characteristic Vpy.gc(j, T) of the whole PV-EC device can be calcu-
lated by merging (similar to Eq. 4.1) the current density-voltage characteristics of all
its components at the respective temperature T via

Vevec (4, T) = Vev (4, T) — AE — noer(—4,T) + nuer (4, T) + jR(T) . (6.1)

Here Vpv(j,T) denotes the temperature-dependent current density-voltage measure-
ment of the a-Si:H/a-Si:H/pc-Si:H/ZnO:Al/Ag solar cell (see Fig. 5.18 in Section 5.7).
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Fig. 6.14 (a) Linear sweep voltammetry measurements showing the cathodic

and anodic current density-voltage dependence of the Pt and RuOs electrodes,
respectively, in 0.1 M KOH. (b) Linear sweep voltammetry measurements
showing the cathodic and anodic current density-voltage dependence of the
Pt and RuOs electrodes, respectively, in 1 M KOH. The measurements were
conducted at a scan rate of 5 mV/s at different operation temperatures T'qp.
The potentials were corrected by the jR-drop in the electrolyte.

noer(—j,T) is the temperature-dependent current density-potential measurement of
the RuOq anode including the electrode potential for the OER and nugr(j, T) is the
temperature-dependent current density-potential measurement of the Pt cathode.
The resistance of the electrolyte as a function of temperature is denoted by R(T).
In order to take the different sign of the anodic current for the RuO, anode into
account, the corresponding three-electrode measurement has to be mirrored at the
abscissa, i.e. subtracted in Eq. 6.1. The temperature dependence of AF is expressed
by the Nernst equation (see Eq. 2.5 in Section 2.2.2) [207].

When the model is fed with the experimentally measured temperature-dependent
data, the current density-voltage behavior of the PV-EC device can be calculated.
In Fig. 6.15 the calculated Vpy.gc(j,T) curves for 0.1 M and 1 M KOH, respectively,
are displayed for all investigated operation temperatures. The cathodic shift in
the onset potentials of the calculated Vey.gpc(j,T) curves, in 0.1 M and 1 M KOH,
correlates with the decrease in Vo of the underlying triple junction solar cell, shown
in Fig. 5.18. Furthermore, the saturation photocurrent density increased slightly
with increasing temperature. Again, this reflects the temperature-dependence of the
solar cell (see the Jsc values in Fig. 5.18).
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Fig. 6.15 Calculated current density-voltage curves of the a-Si:-H/a-Si:H/uc-
Si:H based PV-EC device at different operation temperatures in 0.1 M and
1 M KOH, respectively. The data for the calculation of the Vpyv.rc(j, T') (based
on Eq. 6.1) curves was taken from Table 6.4 (T-dependent electrolyte resistances
R(T)), from Fig. 6.14(a) and (b), respectively (T-dependent HER and OER
performance, nuer (j,T) and nogr(j,T), respectively). The current density at
0 V applied bias defines the operation point of the PV-EC device.

Additionally, Fig. 6.15 illustrates the impact of the electrolyte concentration on
the operating current density (at 0 V) jop, which is crucial for the PV-EC device. In
the 1 M solution a significantly higher j,, was found than in the 0.1 M solution. This
discrepancy is mainly due to the distinct change in "fill factor” of the Vev.rc(j,T)
curves. The poor fill factor” of the curves in 0.1 M KOH reflects the high electrolyte
resistance presented in Table 6.4, which caused the operation point (at 0 V applied
bias) of the PV-EC device to be located in the steep slope of the Vev.pc(j,T)
curves. Nevertheless, the current density at 0 V increased from 25 °C to 60 °C from
4.96 mA/cm? to 5.58 mA /cm?. In the 1 M KOH solution, the electrolyte resistance
was significantly lower, which led to an improved "fill factor”. As a consequence, the
operation point of the PV-EC devices lied in the current plateau of the Vev.gc(j,T)
curves, which resulted in higher current densities j,,, of approx. 7.6 mA/cm? for all

investigated temperatures.

In Fig. 6.16, the calculated solar-to-hydrogen efficiencies are plotted versus
the operation temperature. In the 0.1 M KOH solution the nsrn,,,. followed the
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trend of j,, and increased with increasing temperature from 6.1 % at 25 °C up to
a value of 6.9 % at 60 °C. In the 1 M KOH solution the ngry,,,, was less sensitive
to temperature variations, which is beneficial for outdoor operation under varying
conditions. At 25 °C a j,, of 7.6 mA/cm? was found, which can be translated into a
solar-to-hydrogen efficiency of 9.4 %, while a maximum solar-to-hydrogen efficiency
(9.6 %) was shown at 50 °C. The Vpy.gc(j, T) characteristics of tandem and quadruple
junction based PV-EC devices can be found in Fig. A3(a) and (b), respectively. In
both cases the ngry,,., Was not deteriorated upon temperature increase, and thus,

confirms the findings presented in this section.
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Fig. 6.16 On the left ordinate, the estimated solar-to-hydrogen efficiency
NSTH,.. Of the triple junction based PV-EC device in 0.1 M (red circles) and
1 M KOH (blue squares), respectively, is plotted as a function of the operation
temperature. The nstH,,,, Was calculated based on Eq. 4.4 using the jo, values

max

from Fig. 6.15. On the right ordinate, the photovoltaic efficiency of the triple
junction solar cell as a function of the operation temperature is shown (black

triangles).

In total, this investigation revealed that the reduction in solar cell performance
with increasing temperature can be compensated by an enhanced performance of
the electrochemical components (electrolyte, HER and OER electrodes). This result
is an important aspect for practical outdoor applications with typical operation
temperatures above 50 °C and contributes to the progress in practical solar-assisted

water splitting.
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6.4 Summary and conclusions

In the present chapter numerous aspects of thin film silicon based PV-EC devices
are presented and discussed. Here, an overview of all relevant aspects shall be given
by summarising the most important results from the preceding sections.

Photocathode/electrolyte contact

First, the contact at the photocathode/electrolyte interface was examined. It was
shown that the photocathode contact undertakes a crucial role in the PV-EC device
and has to fulfil a broad range of demands. Thin metal layer stacks turned out to
be suitable candidates to meet the important requirements, because they allow to
combine the advantages of each individual layer, such as good reflectivity for the
incident light, high catalytic activity, reasonable electrochemical stability, and low
cost fabrication. This was examined by measuring only the HER reaction at the
photocathode surface in a three-electrode configuration, neglecting the reactions at
the counter electrode. The most efficient photocathode contact, in terms of onset
potential for cathodic current and photocurrent density was made of an Ag/Pt
layer stack. This photocathode exhibited a photocurrent density of 6.6 mA /cm?
at large positive bias of 1.2 V vs. RHE and provided a stable photocurrent density
of around 7.7 mA/cm? at 0 V vs. RHE over the course of 4 hours. A significant
cost reduction can be achieved by an Al/Ni layer stack contacted device. This
all earth-abundant and precious metal-free photocathode exhibited a photocurrent
density of 6.3 mA/cm? at a positive bias of 1.2 V vs. RHE. Although the performance
is slightly reduced compared to the Ag/Pt contacted photocathode, it is still among
the highest photocurrent densities at such positive bias with respect to RHE for
all reported silicon based photocathodes. However, this contact suffered stability
problems, which were mainly caused by the delamination of the Al layer from the
silicon surface. Possible solutions may be the integration of very thin adhesion
layers between the silicon and the Al layer. Despite the stability issues, this low-
cost photocathode presents a promising device for efficient and cost-effective solar
hydrogen production.

Multijunction based PV-EC devices

Secondly, complete PV-EC devices for stand-alone water splitting were fabricated
based on the developed multijunction solar cells and measured in a two-electrode
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configuration. Several performance influencing factors were examined, namely the
influence of the HER catalyst, the influence of the electrolyte concentration, and
the impact of light induced degradation. The best performance was provided by the
a-Si:H/a-Si:H/pc-Si:H based PV-EC device with a Ag/Pt photocathode contact and
RuO, as oxygen evolution catalyst. This device exhibited the highest photocurrent
density of 7.1 mA/cm? and 7.7 mA/cm? at 0 V applied bias, in 0.1 M and 1 M KOH,
respectively. Assuming a 100 % faradaic efficiency (confirmed for the system under
study in Section 4.4), this corresponds to solar-to-hydrogen efficiencies of 8.7 % and
9.5 %, respectively. The increase in the STH efficiency from 0.1 to 1 M KOH, mainly
resulted from the decreased electrolyte resistance leading to an increased "fill factor”
in the current density-voltage characteristics.

To bring the achieved STH efficiencies in this work into line with the state-of-the-
art devices reported in literature, Fig. 6.17 compares the reported STH efficiencies of
thin film silicon based solar water splitting devices. Besides purely thin film silicon
based systems (buried junctions, see 2.3.4), also the data of devices are included,
which combine buried thin film silicon junctions with semiconductor liquid junctions
(SLJ) such as BiVO4, WO3 or a-SiC:H (see Fig. 6.17). Please note that module based
devices are not considered here. For the majority of the devices in Fig. 6.17, Eq. 4.4
was employed to estimate the STH efficiency from a measured current density at
zero bias. Please note that none of the references included in Fig. 6.17 incorporated
a membrane for gas separation into the device set-up. Thus, hydrogen and oxygen
co-evolve. In a commercial device the half cells would have to be physically separated
by porous separators or membranes to avoid explosive gas mixtures and further
purification steps [208-210].

Theoretical performance limits of STH efficiencies of above 20 % were proposed
for tandem devices based on crystalline semiconductors for solar water splitting in
several studies [21,188,223]. This work, however, suggests that in the particular
case of thin film silicon based devices, the maximum STH efficiency under practical
conditions is certainly well below 20 %. The theoretical studies do not take into
account the free energy losses in thin film silicon, which are relatively high compared
to crystalline semiconductors and thus, limit the photovoltage to a value considerably
lower than the band gap. Nevertheless, this study clearly shows that STH efficiencies
above 10 % are well within range for thin film silicon devices.

In addition to that, the quadruple junction (a-Si:H/a-Si:H/pc-Si:H/pc-Si:H)
based PV-EC device exhibited enough ’excess’ photovoltage to substitute Pt as
precious metal HER catalyst by a more abundant material, such as Ni, and to work
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Fig. 6.17 Reported experimental solar-to-hydrogen efficiencies of thin film
silicon based devices that are able to spontaneously split water in the presence
of solar radiation. Silicon tandem (2J) [153, 154, 211, 212], triple (3J) [28,
142-144, 148, 208, 212-217], and quadruple (4J) [144] junction devices are
plotted in different colours. Furthermore, hybrid devices are considered which
combine single [87] or tandem thin film silicon junctions [87,218-221] with a
semiconductor liquid junction (SLJ). The figure is adapted from Ref. [222]

in low-concentrated electrolyte solutions without impairing the solar-to-hydrogen
efficiency. With Ni as HER catalyst, this device provided 6.1 mA /em? at 0 V applied
bias over the course of 4 hours and may be an alluring alternative to the precious

metal Pt catalyst, in terms of cost reduction.

The impact of LID was measured by using the stabilised solar cells (presented
in Section 5.6) as photocathodes in the PV-EC devices. It was found that the
STH efficiency is less affected by LID than the photovoltaic efficiency. Furthermore,
it was concluded that the degradation upon illumination is negligible compared
to degradation due to corrosion of the electrodes for the quadruple, the a-Si:H/pc-
Si:H/pc-Si:H, and for the a-Si:H/uc-Si:H based PV-EC devices. For the a-Si:H/a-Si:H
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and a-Si:H/a-Si:H/pc-Si:H based PV-EC devices, however, the impact of LID needs to
be considered also in the PV-EC configuration. The highest stabilised STH efficiency
of 7.6 % was achieved by the a-Si:H/a-Si:H/uc-Si:H triple and by the quadruple
junction based PV-EC devices. The latter showed a high stability against LID and
its STH efficiency degraded only by 2 % (relative) to 7.6 %.

PV-EC device modeling

The presented empirical serial circuit model allowed for the decoupled evaluation of all
the functional PV-EC device components: the solar cell, the HER and OER catalysts,
and the electrolyte. By merging the j-V characteristics of these components, in terms
of a simple series connection, the PV-EC device performance could be accurately
predicted. After having validated the model for various PV-EC device configurations,
where excellent agreement with experimental data was achieved, the model was used
to predict the influence of various photocathode-catalyst combinations on the PV-EC
performance. For this purpose, literature data of various state-of-the-art catalyst
materials for the HER and the OER, respectively, were used to implement in the
model and merged with the experimentally measured j — V' curves of tandem, triple,
and quadruple junction solar cells. By doing so, the j — V' characteristics and thus,
the STH efficiency of various photocathode-catalyst combinations could be predicted.
This allowed to designate the adequate OER and HER catalysts for a specific solar
cell type. In fact, the corresponding results elucidated all the more the importance
to adapt the photovoltaic to the electrochemical properties and wice versa.

In addition to this investigation, the model was also used to evaluate the effect
of elevated operation temperatures on the PV-EC device performance. To do so,
the temperature-dependent characteristics of the PV-EC components were measured
and implemented into the model. As a result, the important effects of temperature
variations for PV-EC devices were identified and it was shown that the performance
of the PV-EC device, in contrast to the solar cell performance, was not deteriorated
and even slightly increased by an increased operation temperature of the device.
A maximum solar-to-hydrogen efficiency of 9.5 % was found at 50 °C operation
temperature in 1 M KOH for an a-Si:-H/a-Si:H/uc-Si:H based PV-EC device.

In total, the presented results provide evidence that the series circuit model is a
very elegant and powerful tool to predict the performance of PV-EC devices based on
the individual component characteristics. It therefore allows to adopt the photovoltaic
development routes with respect to the specific overpotential requirements of the
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electrochemical components in a targeted way. Vice versa, the model can also be
used to designate the adequate OER and HER catalysts for a specific solar cell

type.



7 Conclusion and future prospects

The primary aim of this work was the development of efficient and high voltage
multijunction solar cells made of amorphous and microcrystalline silicon for the
application as photocathodes in integrated photovoltaic-electrochemical devices for
light induced water splitting. Concomitant with this, special attention was devoted to
the solar cell/electrolyte interface, with respect to stability issues and high catalytic
activity for the HER and the OER, respectively. Moreover, modeling of the PV-EC
device was employed, which contributed to the identification and understanding of
the relevant loss processes in the overall system.

This work was embedded in the conjoint research project between the Institute
for Photovoltaics (IEK-5) of the Forschungszentrum Jiilich and the Technical Univer-
sity of Darmstadt and was supported by the Deutsche Forschungsgemeinschaft (DFG)
within the Priority Programme 1613 and by the German Bundesministerium fiir
Bildung und Forschung (BMBF). The presented photovoltaic development could draw
upon a high level of scientific expertise on single junction and multijunction solar cell
technology in the IEK-5. The (photo)electrochemical know-how, however, required
a largely new development including the design of a suitable PV-EC measurement
assembly, the fabrication of efficient photoelectrodes (based on the developed solar
cells), and the identification of the relevant loss mechanisms, leading to an improve-
ment in the overall PV-EC device performance. Thanks to the fruitful collaboration
with the project partners, in particular with the Technical University of Darmstadt, it
became after all possible to merge the photovoltaic and the electrochemical know-how
and to establish a profound electrochemical expertise at the IEK-5.

Nevertheless, also the photovoltaic development route needed to be specifically
adapted and deviates from the prevalent routes. In this work, the focus for the solar
cells was set more on high tunable output voltages rather than on the improvement
of the electrical conversion efficiencies. However, one objective herein was to avoid
impairing the electrical conversion efficiency while increasing the photovoltage in
the solar cells. As contrasted with related pioneering studies on light induced
water splitting, where mainly off-the-shelf photovoltaic devices have been used
and where the adjustment of the photovoltaic parameters was not in the focus of
research [215,224,225], the development presented in this work intended to specifically
tune both, the electrochemical (catalytic) and the photovoltaic parameters of the
photoelectrodes. Therefore, it is vital to extend beyond former studies on thin film
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silicon multijunction solar cells and photoelectrodes, also to increase the variety of
feasible applications in photoelectrochemical systems.

The results presented in Chapter 5 provide evidence that the photovoltage of
the multijunction solar cells can be adjusted from 1.5 V to 2.8 V without impairing
the device efficiency. In fact, the developed solar cells provided electrical conversion
efficiencies up to 13.6 %, which is very close to the record efficiency reported for
solar cells made of thin film silicon. In terms of solar-to-hydrogen efficiency, high
performance solar cells are crucial, because water splitting devices not only require
high photovoltages, but also high photocurrent densities and good fill factors from
the solar cells. Additionally, the ability to vary the photovoltaic parameters within a
wide range represents a vital feature of the developed solar cells in order to fulfil the
particular overpotential requirements of various water splitting systems. In Chapter 6,
this was demonstrated by the high excess voltage of quadruple junction solar cells
that is mandatory for the usage of inexpensive and earth-abundant catalysts with
higher overpotential requirements. Exemplarily, this was shown by replacing Pt with
Ni as HER catalyst without impairing the PV-EC device efficiency.

A major role in the operation of integrated water splitting devices is undertaken
by the solar cell/electrolyte contact. It is implemented for several reasons, namely
for efficient light reflection into the solar cell, high catalytic activity for the HER
(photocathode contact in this work), and robust protection from the electrolyte.
Considering this broad range of demands, the presented concept of a metal layer
stack as photocathode contact emerged as the best solution. In Chapter 6, a Ag/Pt
contact stack was compared with an Al/Ni stack, as cheap and earth-abundant
alternative. Although the Al/Ni contacted photocathode nearly provided the same
efficiency as the Ag/Pt contacted device, stability issues, in particular delamination
problems prevented further usage of Al/Ni as contacts in this work. This issue could
be solved by integrating thin adhesion layers between the Si surface and the Al layer,
which however must be sufficiently transparent for the reflected light from the Al layer.
The photocathode with the Ag/Pt contact operated stable for over four hours.

The influence of light induced degradation and the operating temperature on the
performance of the PV-EC devices are important aspects for the implementation of
stand-alone water splitting devices on an industrial level. In the literature, however,
relatively little attention has been payed to these aspects. In this work, it was
demonstrated that for both aspects the PV-EC devices are less affected compared to
the PV devices. For increasing operation temperatures, it was demonstrated that
the STH efficiency even increased, in contrary to the efficiency of PV cells, which



149

decreased upon temperature increase. Upon illumination (up to 1000 hours) the
quadruple junction solar cells and the quadruple junction based PV-EC devices
showed a very low degradation of less than 5 % and 3 % (relative), respectively. This
corresponds to a minor reduction in the conversion efficiency from 13.2 to 12.6 %
for the PV and from 7.8 to 7.6 % for the PV-EC configuration, respectively. For
other configurations, such as a-Si:H/a-Si:H and a-Si:H/a-Si:H/uc-Si:H based PV-EC
devices, however, the impact of LID was more significant in the photovoltaic and in
the PV-EC configuration.

For improvements in the PV-EC device efficiency it becomes vital to determine
the relevant loss mechanisms in the system under investigation. The empirical serial
circuit model, presented in Section 6.3, offers a useful and elegant tool to analyse and
predict the performance of integrated PV-EC devices based on experimental data
of each individual functional component (solar cell, HER and OER catalysts, and
electrolyte). As compared with the photovoltaic cells, it was shown that primarily the
overpotentials at the HER and OER catalyst surfaces, respectively, and the electrolyte
resistance impose additional constraints on the current-voltage characteristics of
the PV-EC system. Moreover, the decoupled evaluation of all functional device
components in the model allowed to estimate to what extend an improvement of
an individual component or a reduction of a specific loss mechanism would improve
the overall PV-EC device performance and increase the STH efficiency. In fact,
this work provides evidence that the model can be employed to derive the practical
performance limits of a certain solar cell type for water splitting applications.

In this work, a very high maximum STH efficiency of 9.5 % was achieved with a
monolithic triple junction a-Si:H/a-Si:H/puc-Si:H based photocathode containing a
Zn0O:Al/Ag/Pt contact and a RuO, counter electrode, measured in 1 M KOH. This
is the highest reported STH efficiency for an integrated thin film silicon based photo-
electrochemical device, according to the overview of demonstrated STH conversion
efficiencies published by Ager et al. [32] in 2015. This result demonstrates that the
target of 10 % STH efficiency, declared by the U.S. Department of Energy (DOE),
clearly is within the reach of the described thin film silicon based integrated PV-EC
device pathway [226].

Besides the achievements in the frame of this work, it is also important to
touch on the technical and economic constraints concomitant with the development
of water slitting devices. In this context, the preliminary results on the stability
presented in this work suggest that the durability remains one of the most critical
issues with respect to the development of water splitting assemblies. Therefore,
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further substantial investigations with respect to robust devices, extending beyond
the herein illustrated stability issues should be in the scope of future works. A
review on the use of protective thin films to improve the electrochemical stability
of otherwise unstable semiconductor photoelectrodes is given by Hu et al. [227].
Another critical aspect, which was not explicitly covered in the framework of this
work, is the upscaling of the (photo)electrode surfaces in integrated water splitting
devices. Upscaling is potentially within range for the thin film silicon technology,
but it is still very rarely employed, neither in industry nor in research.

Nevertheless, the presented PV-EC device concept in combination with the
presented modeling approach and the broad range of tunable photovoltaic parame-
ters, in particular the photovoltages, offers an efficient and versatile toolbox for the
investigation of related research challenges under practical water splitting conditions.
This may include (i) the design of integrated device architectures with robust surface
coatings and new catalyst materials, or (ii) the investigation of electrochemical
reactions to produce solar fuels, others than the water splitting reaction.

With regard to new device architectures (i), hybrid device concepts, comprising
silicon thin films or ¢-Si and organic semiconductor structures, may emerge as suit-
able solutions to reach STH efficiencies well above 10 %. PV efficiencies above 18 %
were recently reported for ¢-Si/perovskite tandem devices by Albrecht et al. [228].
This monolithic device provided a Ve of 1.78 V, which is appropriate for bias-free
water splitting, as demonstrated by this work. However, the current matching of
the individual PV sub cells remains challenging in monolithic hybrid multijunction
structures. An alternative hybrid device concept would be to combine a photocathode
and a photoanode. Similar to the device configuration presented in this work, the
photocathode could be made of a herein developed thin film silicon solar cell, whereas
the metal oxide coated anode would be replaced by another photovoltaic cell, made
of any semiconductor material [229]. Thanks to the wide range of achievable photo-
voltages of the photocathode, the photoanode could be chosen in a more flexible way,
with respect to the required output voltage. Therefore, this PV-EC configuration
would offer to test a large variety of semiconductor structures as photoanodes for
water splitting, such as perovskite or nip thin film silicon solar cells, for instance.

Among the photoelectrochemical reactions for solar fuel production (ii), the direct
solar reduction of COs to liquid organic substances, such as carbon monoxide (CO),
methane (CHy), or formic acid (CH202) has recently attracted considerable attention
due to the higher energy density and accessible storage advantages compared with
hydrogen energy [230]. Several device assemblies based on various catalysts and



151

light absorbers for CO, reduction with varying levels of integration have been
demonstrated experimentally [231-234]. In this process, however, particularly the
cathodic half reaction suffers significant kinetic overpotentials, which have been
considered much more difficult than the hydrogen generation reaction in the water
splitting process. The overpotentials depend largely on the nature of the used
catalysts and on the additional constraint that electrochemical CO5 reduction must
be performed at near-neutral pH [231]. Hence, a voltage of at least 2.0 V is demanded
to drive an efficient fuel production via CO, reduction. Additionally, the product
selectivity at the electrodes is highly potential-dependent, i.e. a number of different
products can be generated by reduction processes depending on the applied potential.
This must be accounted for when defining the required photoelectrode operating
potential [232]. Considering all these aspects, it becomes apparent that the herein
developed thin film silicon photocathodes with the precisely adjustable photovoltages
up to 2.8 V represent ideal photoelectrodes for applications in photoelectrochemical
COs reduction.

These few examples show that the findings of this work considerably extend the
variety of feasible applications and material combinations in photoelectrochemical
systems. Ultimately, emphasis needs to be put on conjoint research activities between
solar hydrogen production, hydrogen storage and fuel cell technologies. Bringing
together the interdisciplinary knowledge may eventually help to bridge the gaps
between the different hydrogen related disciplines more easily, in research but also in
industry. This would offer the prospect of a sustainable future energy infrastructure
based on sunlight, hydrogen, and electricity.
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Fig. A1 (a) Current density-voltage j-V curves of the a-Si:H/a-Si:H tandem
junction solar cell (cell 130/130, Table 5.3) at various operating temperatures
Top- (b) Current density-voltage j-V curves of the a-Si:-H/a-Si:H/pc-Si:H/ pic-
Si:H quadruple junction solar cell (see Table 5.3) at various operating tempera-
tures Top. In both measurements, the temperature range between 25 °C and
60 °C was investigated in steps of 5 °C.
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Fig. A3 (a) Calculated current density-voltage curves of the a-Si:H/a-Si:H
tandem junction PV-EC device at different operation temperatures in both
0.1 M and 1 M KOH, respectively. (b) Calculated current density-voltage
curves of the a-Si:H/a-Si:H/pc-Si:H/pc-Si:H quadruple junction PV-EC device
at different operation temperatures in both 0.1 M and 1 M KOH, respectively.
The data for the calculation of the Vpy.pc(j,T) (based on Eq. 6.1) curves
was taken from Table 6.4 (T-dependent electrolyte resistances R(T")) and from
Fig. 6.14(a) and (b), respectively (T-dependent HER and OER performance,
nuer (4, T) and nogr(Jj, T), respectively). The current density at 0 V applied
bias defines the operation point of the PV-EC device.
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Appendix-Sample list

Table A1 Deposition and photovoltaic parameters for the a-Si:H single junc-
tion solar cells discussed in Section 5.2.2. The deposition parameters refer
to the intrinsic absorber layers of the a-Si:H solar cells and are abbreviated
as follows: silane concentration SC' and substrate temperature Ts. The pho-
tovoltaic parameters describe the conversion efficiency npy, the open-circuit
voltage Voc, the fill factor FF, and the short-circuit current density Jgc. The
solar cells were deposited on Asahi type "VU” glass substrates with an Ag back
contact and the intrinsic absorber layers had a thickness of 400 nm. More
details on the solar cell fabrication process and deposition parameters can be
found in Section 3.2.2 and in Table 3.1, respectively.

sample | SC  T5 | npy Voc FF Jsc
name | [%] [°C]| [%] [mV] [%] [mA/cm?|
13B-026 | 4 70 | 7.7 922 664 12.6
13B-014 | 4 110 | 9.1 944 725 13.3
13B-044 | 4 130 | 9.6 946 734 13.8
13B-011 | 4 180 | 9.7 921 742 14.3
13B-020 | 4 250 | 79 802 70.2 14.0
13B-025 | 10 70 | 5.1 851 51.9 11.6
13B-015 | 10 110 | 88 916 68.3 14.1
13B-006 | 10 180 | 10.3 913 73.8 15.2
13B-021 | 10 250 | 7.5 823 69.0 13.2




v Appendix
Table A2 Deposition and photovoltaic parameters for the puc-Si:H single
junction solar cell series shown in Fig. 5.9. The deposition parameters refer
to the intrinsic absorber layers of the uc-Si:H solar cells and are abbreviated
as follows: silane concentration SC, i-layer thickness. The layer preparation
parameters, such as SC profiling and ni buffer layer thickness are also listed.
The photovoltaic parameters of the different pc-Si:H solar cell series describe
the conversion efficiency npy, the open-circuit voltage Vo, the fill factor
FF, and the short-circuit current density Jgc. The solar cells were deposited
on textured ZnO:Al coated glass substrates. More details on the solar cell
fabrication process and deposition parameters can be found in Section 3.2.2
and in Table 3.1, respectively.

sample Series SC  i-layer SC n — i buffer

name thickness profiling layer ey Voc FF Jsc

[%] [nm] [%] [nm] %] [mV] [%] [mA/cm?
13B-204 1300 nm 4.4 1300 - - 7.3 499 68.1 21.5
13B-208 1300 nm 4.7 1300 - - 7.3 507 69.3 20.7
13B-183 1300 nm 5.0 1300 - - 8.0 528 71.3 22.0
13B-193 1300 nm 5.3 1300 - - 74 520 68.2 20.9
13B-189 1300 nm 5.6 1300 - - 6.3 510 70.2 17.6
13B-192 1300 nm 5.8 1300 - - 5.5 507 678 16.1
13B-196 1300 nm 6.0 1300 - - 3.4 548 58.3 10.6
13B-220 650 nm 4.7 650 - - 6.5 534 T14 16.9
13B-219 650 nm 5.0 650 - - 6.8 543 722 17.3
13B-288 650 nm 5.3 650 - - 8.6 545 T72.6 21.6
13B-275 650 nm 5.6 650 - - 7.5 559  69.8 19.1
13B-289 650 nm 5.8 650 - - 6.7 550 66.2 18.3
13B-294 650 nm 6.0 650 - - 3.6 575 532 11.8
13B-313 450 nm 5.0 450 - - 6.7 548 T72.2 17.0
13B-324 450 nm 5.3 450 - - 7.5 565 728 18.2
13B-314 450 nm 5.6 450 - - 56 575 66.4 14.6
13B-295 450 nm 6.0 450 - - 4.8 564 549 15.6
14B-089 | 1300 nm + SC profiling 5.0 1300 5.0-5.6 50 82 551 70.7 21.8
+ buffer layer

14B-031 | 650 nm + buffer layer 5.3 650 - 20 81 570 70.6 20.1
14B-005 | 450 nm + buffer layer 5.3 450 - 5 6.7 580 67.7 17.0




Table A3 Deposition and photovoltaic parameters for the a-Si:H/pc-Si:H tan-
dem junction solar cells discussed in Section 5.4.1. The deposition parameters
of the individual sub cells can be found in Table 5.2. The photovoltaic pa-
rameters describe the conversion efficiency npy, the open-circuit voltage Voc,
the fill factor FF, and the short-circuit current density Jgc. The solar cells
were deposited on textured ZnO:Al coated glass substrates. More details on
the solar cell fabrication process and deposition parameters can be found in
Section 3.2.2 and in Table 3.1, respectively.

sample | Tandem | npy Voo FF Jsc
name cell (%]  [mV] [%] [mA/cm?]
13B-049 A 109 1390 72.3 10.8
14B-089 B 10.5 1474 65.6 10.9
14B-079 C 11.0 1504 73.0 10.0
14B-093 D 9.7 1515 76.2 8.4

Table A4 Deposition and photovoltaic parameters for the a-Si:H/a-Si:H tan-
dem junction solar cells discussed in Section 5.4.2. The deposition parameters
of the individual sub cells can be found in Table 5.3. The photovoltaic parame-
ters describe the conversion efficiency npy, the open-circuit voltage Vo, the
fill factor F'F, and the short-circuit current density Jgc. The solar cells were
deposited on Asahi type "VU?” glass substrates. More details on the solar cell
fabrication process and deposition parameters can be found in Section 3.2.2
and in Table 3.1, respectively.

sample | Tandem | 7py  Voc FF Jsc
name cell %] [mV] [%] [mA/cm?]

14B-221 | 250/250 | 8.3 1602 71.8 7.2
14B-123 | 180/250 | 8.7 1700 68.5 7.4
13B-052 | 110/110 | 9.5 1870 77.5 6.6
13B-048 | 180/180 | 9.8 1796 78.8 7.0
14B-206 | 130/180 | 11.3 1806 74.2 8.4
14B-205 | 130/130 | 10.9 1913 74.0 7.7
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Table A5 Deposition and photovoltaic parameters for the triple junction
solar cells discussed in Section 5.5 and presented in Table 5.4 and Table 5.5,
respectively. The photovoltaic parameters describe the conversion efficiency
npv, the open-circuit voltage Vg, the fill factor FF, and the short-circuit
current density Jgc. The a-Si:H/puc-Si:H/pc-Si:H solar cells (referred to as
T1-T3) were deposited on textured ZnO:Al coated glass substrates and the a-
Si:H/a-Si:H/pc-Si:H (referred to as T4-T6) were deposited on Asahi type "VU”
glass substrates. More details on the solar cell fabrication process and deposition
parameters can be found in Section 3.2.2 and in Table 3.1, respectively.

sample | Triple Cell nev Voo FF Jsc
name cell type %] mV] [%] [mA/cm?]

14B-149 | T1  a-Si:H/pce-Si:H/pe-Si:H | 11.1 1895  70.8 8.3
14B-162 | T2  a-Si:H/pc-Si:H/pc-Si:H | 11.1 1958 68.1 8.3
14B-167 | T3  a-Si:H/pc-Si:H/pce-Si:H | 11.2 1976 67.6 8.4
14B-163 | T4 a-Si:-H/a-Si:H/pc-Si:H | 12.8 2269 72.3 7.8
14B-176 Tb a-Si:H/a-Si:-H/pc-Si:H | 13.4 2272 71.2 8.3
14B-210 | T6 a-Si:H/a-Si:H/pe-Si:H | 13.6 2279 69.2 8.6

Table A6 Deposition and photovoltaic parameters for the quadruple junction
solar cells discussed in Section 5.5 and presented in Table 5.6. The photovoltaic
parameters describe the conversion efficiency npy, the open-circuit voltage
Voc, the fill factor FF, and the short-circuit current density Jsc. The a-
Si:H/a-Si:H/pc-Si:H/pe-Si:H solar cells were deposited on textured ZnO:Al
coated glass substrates. More details on the solar cell fabrication process
and deposition parameters can be found in Section 3.2.2 and in Table 3.1,
respectively.

sample | Quadruple | npy Voo FF Jsc

name cell %] [mV] [%] [mA/cm?]
14B-225 Q1 127 2775 717 6.4
14B-235 Q2 124 2779 67.9 6.5

14B-217 Q3 13.2 2802 69.8 6.9
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Common Abbreviations

Acronym
AC
AM
CE
CVD
DC
DSR
FTIR
HER
1EK-5
THL

IR

LID
MPP
OER
OHL
PDS
PEC
PECVD
PLD
PV-EC
RE

RF
RHE
RT

scem

SHE
SLJ
SQ
STH
TCO

Meaning

alternating current

air mass

counter electrode

chemical vapor deposition

direct current

differential spectral response

Fourier transform infrared spectroscopy
hydrogen evolution reaction

Institut fiir Energie- und Klimaforschung 5
inner Helmholtz layer

infrared

light induced degradation

maximum power point

oxygen evolution reaction

outer Helmholtz layer

photothermal deflection spectroscopy
photoelectrochemical cell

plasma enhanced chemical vapor deposition
pulsed laser deposition
photovoltaic-electrochemical

reference electrode

radio frequency (13.56 MHz)

reversible hydrogen electrode

room temperature

standard cubic centimeter per minute
(em®/(60 s) at 101325 Pa and 273.15 K)
standard hydrogen electrode
semiconductor liquid junctions
Shockley-Queisser

solar-to-hydrogen

transparent conductive oxide



VIII Glossary
UHV ultra-high vacuum
uv ultraviolet
VHF very high frequency
WE working electrode
Formula Abbreviations
Symbol Description Unit
b Tafel slope mV /dec
C ion concentration mol/cm3
C capacitance F
d thickness nm
E potential mV
E° standard electrode potential mV
Foy optical gap energy eV
Ec conduction band edge energy eV
Er Fermi energy eV
FErn quasi-Fermi energy for electrons eV
Erp quasi-Fermi energy for holes eV
E, band gap energy eV
Fonset onset potential mV
Epn energy of incident light eV
By valence band edge energy eV
f frequency Hz
FF fill factor %
G Gibbs energy J
J current mA
I8 crystalline volume fraction %
j current density mA /cm?
Jo exchange current density mA /cm?
Jo saturation current density mA /cm?
Josq saturation current density in the SQ-limit ~ mA/cm?
Jsc short-circuit current density mA /cm?
Jscsq — short-circuit current density in the SQ-limit mA /cm?
Jop PV-EC operation photocurrent density mA /cm?
M molar mass g/mol
n number of charge carriers
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Greek symbols

Symbol
«

Qlabs
PV
1)STHmax

A
i

fhi
7

14

density of states at conduction band edge
number of particles of species i

pressure
power

charge density

charge

resistance

reflectance

parallel resistance
series resistance

shunt resistance
silane concentration
time

temperature
substrate temperature

PV-EC operation temperature

open-circuit voltage
charge number
charge number of species ¢

Description

transfer coefficient
absorption coefficient
photovoltaic efficiency

photovoltaic-electrochemical efficiency

wavelength
chemical potential of species ¢

electrochemical potential of species i

mobility

scan rate
overpotential
inner potential

potential drop across the space charge region

electric conductivity

eV'! cm3
mbar

mC/cm?

%
Q/cm?
Q/cm?

%

K or °C
K or °C
K or °C
mV

Unit

cm”

%

nm
J/mol

J/mol
cm?/Vs

mV /s

mV vs. RHE

v
S/cm



X

Glossary

Chemical symbols

a-Si:H
ue-Si:H
AgCl
Cds
CdSe
CuGaSey
Co304
CO,
Fey O3
GalnP,
GaP
H,O
H,SO,
HCl

HI

HBr
IrO,
KCl
KOH
KTaO3
Mo,C
MoS,
NiO,
PTFE
RuO,
SiHy
SiC
SnO:F
SrTiO3
TiO,
WO3
Zn0O
Zn0:Al
7nS
ZrQOsy

hydrogenated amorphous silicon
hydrogenated microcrystalline silicon
silver chloride

bismuth vanadate
cadmium sulfide
cadmium selenide

copper gallium selenide
cobalt(ILIII) oxide
carbon dioxide

iron(III) oxide (hematite)
gallium indium phosphide
gallium phosphide

water

sulfuric acid

hydrochloric acid
hydriodic acid
hydrobromic acid

iridium dioxide
potassium chloride
potassium hydroxide
potassium Tantalate
molybdenum carbide
molybdenum disulfide
nickel oxide
polytetrafluoroethylene
ruthenium dioxide

mono silane

silicon carbide

fluoride doped tin oxide
strontium titanate
titanium dioxide
tungsten trioxide

zinc oxide
aluminum-doped zinc oxide
zinc sulfide

zirconium dioxide
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Constants
Boltzmann constant k =1.3806488(13) x 1078 JK~*
— 8.6173324(78) x 1075 eV K1
Molar gas constant R =8.3144621(75) Jmol 1 K1
Planck constant h = 6.62606957(29) x 10734 Js
— 4.135667516(91) x 10"% Vs
Elementary charge e = 1.602176565(35) x 1071 C
Faraday constant F = 96485.3365(21) Cmol ™!

Temperature at absolute zero Ty = 0K = —273.15°C

Values were taken from Ref. [235].
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solar cell under illuminated conditions. The p- and n-layer produce
an electric field that leads to the separation and the transportation
of photogenerated charge carriers to the electrodes. Electrons move
to the n-side and holes are transported to the p-side of the solar
cell. The splitting of the quasi-Fermi levels Er, and Ep, defines the
photovoltage of the solar cell. . . . . . ... ... ... ... ..... 13

2.5 Schematic drawing of the a-Si:H/a-Si:H and a-Si:H/uc-Si:H tandem,
the a-Si:H/a-Si:H/uc-Si:H and a-Si:H/pc-Si:H/pe-Si:H triple and the
a-Si:-H/a-Si:H/pc-Si:H/ pe-Si:-H quadruple junction solar cell structures
in pin configuration investigated in this work. . . . . . ... ... .. 15

2.6 (a) Illustration of the spectral distribution in a multijunction solar cell
structure, for the example of a triple junction cell. (b) Band diagram
of a pin multijunction solar cell under illuminated conditions (as an
example a triple junction solar cell is shown). Holes and electrons from
the a-Si:H top and middle cell, and the puc-Si:H bottom cell, respec-
tively, have to recombine at the n-/p-interfaces to ensure a continuous
current. The interfaces are called recombination junctions. The sum of
the splitting of the quasi-Fermi levels Ep, and Ep, of the top, middle
and bottom cell defines the photovoltage of the multijunction cell. . . 16

2.7 Comparison of the Fermi energy scale using the vacuum level as a
reference and the electrochemical scale using the standard hydrogen
electrode (SHE) potential as a reference. The electrochemical potential
of the oxygen evolution reaction (Os/H,0) was calculated for pH 0.

The standard electrode potentials of various redox couples under
standard conditions (T = 298.15 K; p = 1 bar; cox = creq = 1) have
been compiled in tables in literature (e.g. [56]). . . . ... ... ... 19

2.8 Free-energy versus reaction coordinate diagram for a redox system
under equilibrium (blue curve) and under polarisation (red curve) for
COx > CRed- AG;q, and AGZq . denote the activation energies for the
cathodic and anodic reactions, respectively under equilibrium. AG*
and AG? denote the activation energies for the cathodic and anodic
reactions, respectively, for applied bias conditions. « is the transfer
coefficient and 7 is the overpotential. The figure is adapted from
Ref. [61]. . . . . . o o 21
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2.9

2.10

2.11

2.12

2.13

Schematic illustration of the metal/electrolyte interface according to
the Helmholtz model. The model consists of a double layer (inner and
outer Helmholtz layer, IHL and OHL, respectively) and of a diffusion
layer (adjacent to the double layer) and the electrolyte solution (adja-
cent to the diffusion layer, not shown here), which contains solvated
cations and anions, respectively, and water dipoles. The potential drop
across the metal/electrolyte interface is shown below the illustration.
The figure is adapted from Ref. [61]. . . . . . ... ... ... ... ..
(a) Schematic illustration of the energy levels in a semiconductor
(left-hand side) and in a redox electrolyte (right hand side) shown on
a common vacuum reference scale. (b) The semiconductor/electrolyte
interface before and after equilibration (i.e. contact of the two phases)
shown for an n-type semiconductor. (c) Same as in (b), but for a
p-type semiconductor. . . . . ... ..o oL

26

Schematic illustration of the potential drop at the semiconductor/electrolyte

interface. A simplified equivalent circuit for the interface at equilib-
rium, including the three capacitors Csc, Cy, and Cp, is shown in the
lower part of the figure. The figure is adapted from Ref. [51]. . . . . .
Schematic illustration of the band structures of various photocatalyst
materials, including the band gap energies and the positions of the
band edges relative to the water reduction and oxidation potentials
(V vs. SHE, pH 0) [79]. Cathodic (negative) and anodic (positive)
potential directions are indicated on the right side of the illustration.
Band diagram illustration and schematic structure of a buried junc-
tion device, with its components: the multijunction photocathode
(as example a-Si:H/a-Si:H/pc-Si:H) under non-biased illumination
condition, a hydrogen evolution reaction (HER) catalyst layer at the
photocathode/electrolyte interface, the electrolyte, and the anode
with the oxygen evolution reaction (OER) catalyst. The energy levels
for the HER and OER and the respective reactions are indicated in
the illustration. Hydrogen evolution occurs at the rear side of the
photocathode and oxygen occurs at the anode side. AE = 1.23 V is
the thermodynamic potential required for water electrolysis at 25 °C.
nuer and nMogr indicate the overpotentials for the HER and OER,
respectively. The different colors of the silicon absorber layers indicate
different band gaps. . . . . . . .. ...
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3.1 Electronic structure of hydrogenated amorphous silicon (a-Si:H) de-

scribed by a density of states N(E), taken from Ref. [91]. Three types

of states can be identified: extended band-like states (valence and

conduction band), localised band-like states (band tails), and localised

defect states in the energy gap. . . . . . . .. ... 34
3.2 Schematic drawing of the growth mechanism of amorphous silicon.

SiH3 molecule fragments diffuse over a hydrogen terminated surface

and can abstract a hydrogen atom from a Si-atom, leaving a dangling

bond. SiHy is formed which does not contribute to the film growth. A

second SiHz may diffuse to the left dangling bond and attach to the

substrate [96]. . . . . ... 35
3.3 A schematic model which illustrates the microstructure of hydro-

genated microcrystalline silicon (uc-Si:H) deposited by plasma en-

hanced chemical vapor deposition on a glass substrate. From the left

side to the right hand side the film structure changes from highly mi-

crocrystalline silicon to almost amorphous silicon, i.e. the crystalline

volume fraction decreases. This illustration is taken from Ref. [102]. . 37
3.4 Absorption coefficient c,ps as a function of the photon energy Eyy, of

a-Si:H (blue solid curve), uc-Si:H (red dashed curve), and ¢-Si (orange

dotted curve). . . . . ... 38
3.5 Photograph of the PECVD system used to process the thin film silicon

layers and solar cells. The system consists of six chambers used for

different doped and undoped deposition processes. . . . . . . . . . .. 40
3.6 Schematic outline of the six-Chamber PECVD deposition system used

in this work for the deposition of the silicon thin films and shown in

Fig. 3.5. Each chamber is only used for a certain type of process. The

respective p-, i-, and n-layer processes are indicated. The chambers

are connected wia evacuated transfer locks and load locks to transfer

the substrate, using the transport system. This system allows to move

the substrate between the process chambers without breaking the

vacuum. The transfer valves separate the chambers from each other.

The chamber designated for electron spin resonance (ESR) sample

preparation was not used in this work. . . . .. ... ... ... ... 41
3.7 Principle design of the process chambers in the 6-chamber system

for the preparation of silicon thin films. Except from the electrode

distance, all the process chambers have the same construction. Capac-

itive plasma excitation between the powered and grounded electrode

is provided by an RF-field. The picture is not drawn to scale. . . . . 42
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3.8

4.1

4.2

4.3

Mluminated current density-voltage (j-V) characteristic of a solar cell
(black curve), indicating the maximum power point (MPP), Jsc, Voc,
VMPP, JMPP7 and the derivation of F'F. . . . . . . . . ... .. ....

Photograph of the PV-EC cell used in this work to characterise the
PV-EC devices. The setup consists of a Teflon cell body and three elec-
trodes: a working electrode (multijunction photocathode), a counter
electrode and a Ag|AgCl reference electrode in 3 M potassium chloride
(CH instruments, Inc., Austin, TX, USA). The photocathode is fixed
in between the cell body and a metal plate, to which it is electrically
contacted. The metal plate is connected with the potentiostat and
has an 0.5 cm? optical aperture for illumination of the photocathode.
Schematic drawing of a tandem junction based photocathode in a three-
electrode (a) and in a two-electrode setup (b), respectively. In the
three-electrode setup the reference electrode (RE) is positioned close
to the working electrode (WE, photocathode). In the two-electrode
setup only the WE and the CE are employed as electrodes. The
corresponding voltammograms for the three-electrode setup (c) and
for the two-electrode setup (d) are placed below the corresponding
schematic drawing. In the three-electrode measurement the WE
potential is measured with respect to the Ag|AgCl RE or with respect
to the RHE (see Section 2.2.2). In the two-electrode setup the PV-EC
device voltage is measured with respect to the CE (e.g. RuOs). The
right ordinate in (d) depicts the achievable STH efficiency as a function
of the photocurrent density at 0 V applied bias (operation point of
PV-EC device). The onset potential for cathodic current Fopset, the
scan rate, and the used electrolyte solution are indicated in (c) and
(d), respectively. . . . . ...
Schematic drawing of a tandem junction based PV-EC device with its
photovoltaic and electrochemical components. Below, the equivalent
circuit used to model the PV-EC device is depicted. The photovoltaic
cell is connected in series with the electrolysis cell, which represents the
electrochemical load of this device, including the current-dependent
overpotentials for the HER and OER, nugr(j) and nogr(j) respec-
tively, and the electrolyte ohmic drop jR. The photocurrent density
Jphoto 18 generated by the photovoltaic cell. The parallel and the shunt
resistances of the photovoltaic cell are denoted by R, and by R,
respectively. . . . ..
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4.4  Current density-voltage characteristics of the main four circuit compo-
nents of the PV-EC device: j-V measurement of the solar cell (Vpy(j),
orange curve), modeled voltammogram of the RuOy anode in a 0.1 M
H,S0, solution with the associated nogr(—j) (red curve), modeled
voltammogram of the Ni HER catalyst layer in a 0.1 M KOH solution
with the associated nogr(j) (light blue curve), and the resistance of
the 0.1 M KOH electrolyte (jR, dark blue line). The voltammogram
of the PV-EC device (Vpy.gc(j), green curve) was computed via on
Eq. 4.1. . 63

4.5 (a) Modeled current density-voltage curves of the PV-EC device for
increasing electrolyte resistances R. The PV-EC device is composed
of an a-Si:H/a-Si:H solar cell, a Pt HER and a RuOy; OER catalyst.

The respective b and jy values are kept constant and can be found
in Table 6.3. The electrolyte resistance is increased from 0 £ to
200 €. The j-V curves were computed via on Eq. 4.1. (b) The solar-
to-hydrogen efficiency calculated from the operation photocurrent
densitiy jo, of the PV-EC device from (a) as a function of the KOH
electrolyte concentration C. (¢) Corresponding measured resistances R
of KOH electrolyte solutions for different concentrations C'. The dotted
lines in (b) and (c) serve as a guide to theeye. . . . . . . ... . ... 64

4.6 Modeled current density-voltage curves of the HER catalyst (a) and
of the PV-EC device (b) for a decreasing exchange current density jo
via Eq. 4.1. The respective b value was kept constant at 30 mV/dec.

The PV-EC device is composed of an a-Si:H/a-Si:H solar cell and a
RuO; OER catalyst. An electrolyte resistance of 50 2 was assumed. . 66

4.7 Modeled current density-voltage curves of the HER catalyst (a) and
of the PV-EC device (b) for a decreasing Tafel slope b via Eq. 4.1.

The respective jy value was kept constant at 1 mA /em?. The PV-EC
device is composed of an a-Si:H/a-Si:H solar cell and a RuO, OER
catalyst. An electrolyte resistance of 50 {2 was assumed. . . . .. .. 66

4.8 (a) Generated volume of gas produced by an a-Si:H/a-Si:H/puc-Si:H
triple junction based photocathode under AM 1.5 solar illumination
for two hours of operation at 7 mA/cm? in 0.1 M KOH. The black
line shows the theoretical gas volume for 100 % faradaic efficiency
and the red stars are the measured data. The measurement error was
estimated to be AVipeo = £ 0.2 ml. (b) Evaluated faradaic efficiency
over time calculated from the measured gas volume. . . . . . . . . .. 70
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5.1
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Hydrogen content cy as a function of the substrate temperature T’
during the deposition of intrinsic a-Si:H layers, with different silane
concentrations SC. The thickness of the layers was 400 nm. The data is
taken from Refs. [85,98] (By courtesy of K. Wilken, Forschungszentrum
Julich). . . . oo o
Optical gap energy Eg4 as a function of the silane concentration SC
for intrinsic a-Si:H layers deposited at different substrate temperatures
Ts. The dotted lines are to guide the eye. The data is taken from
Refs. [85,98] (By courtesy of K. Wilken, Forschungszentrum Jiilich). .
Photovoltaic parameters of single junction solar cells (efficiency npv
(a), open-circuit voltage Voc (b), fill factor FF (c), short-circuit
current density Jsc (d)) as a function of the substrate temperature
T of the intrinsic a-Si:H layer, with 10 % (blue squares) and 4 % (red
triangles) silane concentration SC, respectively. The intrinsic a-Si:H
layers had a thickness of approx. 400 nm. The lines are to guide the
eye. The data is taken from Refs. [85,98] (By courtesy of K. Wilken,
Forschungszentrum Jilich). . . ... ... ... .. 0000
Crystallinity 185 as a function of the silane concentration SC of the
intrinsic pc-Si:H absorber layer. All investigated layers had a thickness

Open-circuit voltage Ve of pe-Si:H single junction solar cells as a
function of the crystallinity 785 of the intrinsic pc-Si:H absorber layers
(arrow on the upper abscissa illustrates the corresponding trend for
the silane concentration SC'). Absorber layer thicknesses of 1300 nm
(black triangles), 650 nm (red triangles), and 450 nm (green diamonds)
were investigated. The dashed lines serve as a guide to the eye.
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(a) Raman crystallinity depth profile of the uc-Si:H pin solar cell
structure without profiling of the silane concentration SC' (standard,
black dots) and with profiling of the silane concentration SC' (SC
profiling, red squares) during the deposition of the 1300 nm thick
intrinsic absorber layer, respectively. n- and p-type layers and the
intrinsic 1300 nm thick absorber layer are indicated by the blue dashed
lines. (b) Silane concentration SC profile of a standard (dotted black
line) and adapted (red line) deposition process of an intrinsic pc-
Si:H absorber layer. (c¢) Current density-voltage j-V measurements
of pc-Si:H solar cells (1300 nm thick absorber layers) deposited with
a standard deposition process (dotted black curve) and a uc-Si:H
solar cell deposited with a stepwise adapted SC' profile of the intrinsic
absorber layer (red curve). Both solar cells have a Ag back reflecting
contact. . . . ...
(a) Schematic drawing of the pc-Si:H solar cell with the incorporated
n-t buffer layer. (b) Open-circuit voltage Voc of uc-Si:H solar cells
as a function of n-i buffer layer thickness (5, 10, 20, 30, 50, 80 nm)
for different intrinsic pc-Si:H absorber layer thicknesses (blue circles:
1300 nm, black squares: 650 nm, red triangles: 450 nm). All absorber
layers were deposited at SC =5 %. The maximum error in the Voc
determination is below 5mV. . . . . ... ... Lo
Photovoltaic parameters of pc-Si:H solar cells (conversion efficiency
nev (a), open-circuit voltage Voc (b), fill factor FF (c), short-circuit
current density Jgc (d)) as a function of the buffer layer thickness for
different pc-Si:H absorber layer thicknesses: 1300 nm (blue circles),
650 nm (black squares), and 450 nm (red triangles). Dotted circles
indicate the optimal buffer layer thickness for the corresponding i-pic-
Si:H layer thickness, in terms of V¢ and conversion efficiency npy.
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Solar cell parameters: (a) conversion efficiency npy, (b) short-circuit
current density Jsc, and (c) fill factor FF vs. the open-circuit voltage
Voc in a 1300 nm (M), a 650 nm (A), and a 450 nm thick pc-Si:H
absorber layer series (%), in a 1300 nm thickness combined with the SC
profiling and incorporated buffer layer (50 nm) series (O), in a 650 nm
thickness combined with incorporated buffer layer (20 nm) series (A),
and in a 450 nm thickness combined with incorporated buffer layer
(5 nm) series (7). The trends of the six series around the best-cell
Voe are indicated by solid lines as a guide to the eye. Table 5.1
summarises the best-cell parameters for the solar cells indicated by
arrows in (a). . . . ...
Current density-voltage j-V measurements of a-Si:H/pc-Si:H tandem
solar cells with different pc-Si:H bottom cells: ”1300 nm” reference
series (cell A, green curve), 71300 nm + SC profiling + buffer layer
(50 nm) series” (cell B, blue curve), 7650 nm + buffer layer (20 nm)”
series (cell C, red curve), and "450 nm + buffer layer (5 nm)” series
(cell D, black curve). . . .. . ...
Quantum efficiency measurements of the four a-Si:H/uc-Si:H tandem
junction solar cells from Table 5.2. Letter A denotes the 1300 nm”
reference series (green curves), B the "1300 nm + SC profiling +
buffer layer (50 nm) series” (blue curves), C the "650 nm + buffer
layer (20 nm)” series (red curves), and D the "450 nm + buffer layer
(5 nm)” series (black curves). The photocurrent densities of the top
and bottom cell, Jqg top and Jqgbot are depicted in the figure. Arrow
indicates the trend of increasing bottom cell QF in the wavelength
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thickness. Top and bottom cell photocurrent densities calculated from
the QF curves are placed near the related measurements. . . . . . . .
Quantum efficiency measurements of the 130/180 and of the 130/130
a-Si:H/a-Si:H tandem junction solar cells from Table 5.3, respectively.
The photocurrent densities of the top and bottom cell, Jqg top and
Jarpot are calculated from the QF curves and placed near the related
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Quantum efficiency curves of a a-Si:H/uc-Si:H/uc-Si:H triple junction
device corresponding to cell T3 from Table 5.4. Sub cell photocurrent
densities calculated from the QF curves are placed near the related
measurements and the total QF is displayed by the blue shaded area.
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Quantum efficiency curves of a a-Si:-H/a-Si:H/uc-Si:H triple junction
device corresponding to cell T6 from Table 5.5. Sub cell photocurrent
densities calculated from the QF curves are placed near the related
measurements. The blue shaded area displays the total QF of the
triple junction solar cell. . . . . . .. ... . oL
Quantum efficiency curves of the a-Si:H/a-Si:H/uc-Si:H/pc-Si:H quadru-
ple junction solar cell Q3. Sub cell photocurrent densities calculated
from the QF curves are placed near the related measurements and
the total QF is displayed by the blue shaded area. . . . . . . ... ..
(a) Photovoltaic conversion efficiency npy plotted as a function of
the light soaking time for tandem: a-Si:H/puc-Si:H (blue squares, cell
C from Table 5.2), a-Si:-H/a-Si:H (purple triangles: absorber layer
Ts of 130/130 °C and open light blue triangles: absorber layer T’ of
130/180 °C from Table 5.3), triple (red triangles: cell T3 from Table 5.4
and orange stars: cell T6 from Table 5.5), and quadruple junction
solar cells (black circles: cell Q3 from Table 5.6). (b) Conversion
efficiency normalised to the initial value as a function of the light

soaking time for the tandem, triple, and quadruple junction solar cells.101

Quantum efficiency measurement of a-Si:H/a-Si:H/puc-Si:H/pc-Si:H
quadruple junction devices corresponding to cell Q3 from Table 5.6
in initial and stabilised state (after 1000 hours light soaking time).
Initial sub cell photocurrent densities calculated from the QF curves
are placed near the related measurements. . . . . . .. .. ... ...
Current density-voltage j-V curves of the a-Si:H/a-Si:H/uc-Si:H triple
junction solar cell at various operating temperatures 7',,. The tem-
perature range between 25 °C and 60 °C was investigated in steps of
5°C.
Open-circuit-voltage V¢ of a-Si:H single junction solar cells as a
function of the optical gap energy Fo4 of the respective intrinsic a-Si:H
absorber layers. The dotted line serves as a guide to the eye. . . . . .
Open-circuit voltages Ve as a function of the short-circuit pho-
tocurrent densities Js¢ of the developed a-Si:H and pc-Si:H based
single and multijunction solar cells. The grey dotted lines indicates a
photovoltaic efficiency npy of 10 % and 14 %, respectively, assuming
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5.21 Tllustration of the achievable solar-to-hydrogen efficiency ngry,,,, in

6.1

max

PV-EC devices for water splitting based on thin film silicon solar
cells. The illuminated j-V curves of the tandem, triple, and quadruple
junction solar cells are linked with the theoretical operation point of a
PV-EC device at 1.23 V (dashed vertical line, without overpotential
losses). In real PV-EC devices this operation point is shifted due to
overpotential losses, which are plotted on the upper abscissa. The
right ordinate depicts the achievable STH efficiency as a function of the
respective photocurrent density at a certain overpotential multiplied
by the value of 1.23 (see Section 4.4). . . . . . . ... ... ... ...

(a) Cathodic overpotentials (at —7 mA /cm?) measured in 0.1 M KOH
(light blue circles) and in 0.1 M HySO4 (red squares) for Au, Cu, Ti,
Ni, Ag, Pt, and Al evaluated as single layers on ZnO:Al coated glass
substrates. (b) Linear sweep voltammetry measurements, conducted in
0.1 M KOH, of single metal layers (approx. 150 nm of Al, Au, Ag, Cu,
Ti, Ni, Pt) on glass substrates at a scan rate of 10 mV/s. (c¢) The same
measurements conducted in 0.1 M HySO4. The data in (b) and (c) were
corrected by the electrolyte series resistance, which was measured by
electrochemical impedance spectroscopy. The overpotentials presented
in Fig. 6.1(a) are taken at a current density of —7 mA/cm? in (b)
and (c). (d) Current density-voltage j — V measurements of the a-
Si:H/a-Si:H solar cells (cell 130/130 from Table 5.3 in Section 5.4)
with different metallic back reflecting layers as back contact (approx.
300 mm). ...



XXXVI

List of Figures

6.2

6.3

6.4

6.5

6.6

Linear sweep voltammetry measurements under AM 1.5 illumination
(100 mW /cm?) of the photocathodes with different metal contact
designs (same a-Si:H/a-Si:H tandem structure as cell 130/130 from
Table 5.3). The single metal layer back contacts are assigned as follows:
orange dashed curve: Al; blue dotted curve: Ag; light blue dotted
curve: Ni; grey dashed curve: Pt. The stacks of two metal layers
combine the optical and the catalytic properties of each individual
metal and are assigned as follows: red dashed curve: Al/Ni; green
solid curve: Ag/Pt. The measurements were conducted in 0.1 M KOH
at a scan rate v of 30 mV/s. The photoelectrochemical parameters
are listed in Table 6.1. The potential of the photocathode is plotted
versus the RHE and versus the Ag|AgCl reference electrode on the
upper and on the lower abscissa, respectively. Foeet is taken at a
photocurrent density value of -0.5 mA/em?. . . ... ... ... ...
Reflectivity measurements of a-Si:H/a-Si:H solar cells with different
back contacts consisting of ZnO:Al and a single metal Ag layer (solid)
and a metal layer stack of Ag and Pt (dotted line). . . . ... . ...
Potentiostatic measurement of the a-Si:H/a-Si:H photocathode with an
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of operation. . . . . . .. L
Linear sweep voltammetry measurements of the PV-EC devices based
on thin film silicon multijunction solar cells (same initial cells as in
Table 5.7) with a 150 nm thick Pt layer as HER catalyst on top of
the Ag contact and a RuO, counter electrode for the OER reaction.
The measurements were conducted in 0.1 M KOH at a scan rate of
30 mV/s. The right ordinate depicts the achievable STH efficiency as
a function of the photocurrent density at 0 V applied bias (according
toEq. 4.4). ..o
Linear sweep voltammetry measurements of PV-EC devices based on
a-Si:H/a-Si:H/uc-Si:H triple and quadruple junction photocathodes
with a RuO, counter electrode for the OER reaction. For the HER
reaction, 150 nm of Ni (dotted curves) and Pt (solid curves) were
deposited on top of the Ag solar cell contacts, respectively. The
measurements were conducted in 0.1 M KOH at 30 mV/s. The right
ordinate depicts the achievable STH efficiency as a function of the
photocurrent density at 0 V (see Eq. 4.4). . . . ... ... ... ...
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Linear sweep voltammetry measurements of the a-Si:H/a-Si:H/pc-Si:H
and the quadruple junction based PV-EC devices with Pt and Ni
catalyst layers, respectively, in 0.1 M (solid curves) and 1 M KOH
(dotted curves). RuOy was used as a counter electrode for the OER
reaction and the measurements were conducted in 0.1 M KOH at a
scan rate of 30 mV/s. The right ordinate depicts the achievable STH

efficiency as a function of the photocurrent density at 0 V applied bias.125

Chronoamperometric stability measurement monitoring the long-term
stability of the a-Si:H/a-Si:H/uc-Si:H and the quadruple junction
based PV-EC devices with Pt and Ni catalyst layers (on top of Ag
contacts), respectively, at 0 V applied bias. The measurements were
conducted in 0.1 M (solid curves) and in 1 M KOH (dotted curves)
under AM 1.5 illumination (100 mW /cm?). RuO, was used as a
counter electrode for the OER reaction. The right ordinate depicts the
achievable STH efficiency as a function of the photocurrent density at
0 V applied bias. The abscissa indicates the PV-EC operation time
on a logarithmic scale. . . . . . ... ... ... ...
Comparison of the current density-voltage characteristics of PV-EC
devices based on the initial (solid lines, same curves as in Fig. 6.5)
and the light soaked ("stabilised”, dotted lines) multijunction solar
cells. A 150 nm thick Pt layer was used as the HER catalyst and a
RuO; counter electrode for the OER reaction. The measurements
were conducted in 0.1 M KOH at a scan rate of 30 mV /s. The right
ordinate depicts the achievable STH efficiency as a function of the
photocurrent density at 0 V applied bias. . . . . . ... .. ... ...
Current density-voltage characteristics of the main four circuit com-
ponents of the PV-EC device: j-V measurement of an a-Si:H/a-
Si:H/ZnO:Al/Ag solar cell (Vpy(j), black solid curve), voltammogram
of the RuO; anode in a 0.1 M HySO4 solution at a scan rate of 5 mV /s
(with the associated nogr(j), orange dashed curve), voltammogram
of the Pt HER catalyst layer in a 0.1 M HySOy4 solution at a scan
rate of 5 mV/s (with the associated nugpr(7), green dashed curve), and
resistance of the 0.1 M HySO, electrolyte (jR, red dotted line). The
current density-voltage characteristic of the PV-EC device (Vpv.rc(j),
blue dashed curve) was calculated based on Eq. 4.1. . . . . . ... ..
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6.11 Comparison of measured (solid curves, scan rate 30 mV/s) and calcu-
lated (dashed curves) voltammograms of three PV-EC devices with
different configurations. The blue curves represent the current density-
voltage behavior of a PV-EC device composed of an a-Si:H/a-Si:H
tandem junction solar cell with Pt and RuO; as HER and OER
catalyst, respectively, measured in 0.1 M H,SO, (individual mea-
surements can be found in Fig. 6.10). The green curves show the
current density-voltage characteristics of an a-Si:H/a-Si:H/pc-Si:H
triple junction based PV-EC device with Pt and RuO, as catalyst
materials, measured in 1 M KOH. The red curves display the current
density-voltage characteristics of a PV-EC device based on a quadru-
ple junction solar cell with Ni and IrO, as HER and OER catalysts,
respectively, measured in 0.1 M KOH. . . . . ... .. ... ... ... 132

6.12 Modeled current density-voltage curves of the HER and OER catalysts
considered in this section. The curves were computed via Eq. 2.14
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